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This report contains the results of an investigation to assess the potential for loss of the

SECTION 1

INTRODUCTION

Space Shuttle vehicle due to single-point hydraulic system failures.

The assessment was authorized by contracts NA9-14960 and NAS-9-15550, Task Order

No. G0908, from the NASA Lyndon B. Johnson Space Center (NASA-JSC) to the
McDonnell Douglas Technical Service Company, Houston Astronautics Division

supported by the Douglas Aircraft Company at Long Beach, California.

The study was conducted during the 9-month period from October 3, 1977 through
June 30, 1978. The purpose of the study was to establish the rationale for retaining the
existing hydraulic systems or, alternatively, to identify the rationale for and nature of

any appropriate changes. The schedule for the assessment is shown in Figure 1-1.
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>
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3 4
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1. ORIENTATION AT JSC
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3. START ASSESSMENT
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NOTE:
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FIGURE 1-1. SCHEDULE SPACE SHUTTLE HYDRAULIC SYSTEMS ASSESSMENT




SECTION 2
SUMMARY

The findings and recommendations included in this report apply to the operational Space
Shuttle although some of the recommendations have been incorporated into the Orbital
Flight Test (OFT) vehicle. The Booster and Orbiter hydraulic systems were assessed
independently except for launch performance effects. The baseline system evaluated
was that released for the O0V102 OFT vehicle; that system was chosen for study based on
the assumption that the OV102 configuration would be carried through into the
operational vehicles. Some revisions approved by the NASA Change Control Board
(CCB), and for which engineering data were provided, have also been considered.

The assessment of the Solid Rocket Booster (SRB) hydraulie system indicates no major
changes are needed for the system architecture. However, numerous items were
identified in the power system and thrust vector control (TVC) actuators as single failure
points (SFPs) which could result in a Criticality Category 1 condition (loss of life and/or
vehicle). The status of these reported SFPs is included in the text of this report. There
are also many SFPs in the Orbiter which can result in Criticality Category 1 conditions.

It is the opinion of this assessment team that the reliability requirements of the
operational Space Shuttle vehicles, because of their costly payloads and highly trained
crews, should be at least equal to those of a military transport. The hydraulic and flight
control system architecture as presently designed (for OV102) does not provide this
degree of reliability. The elevon system architecture is particularly deficient in this
respect. It may be rationalized that with extensive quality assurance activities, a limited

‘number of test flights may be an acceptable risk. However, for the 10-year biweekly

operational flight program, the risk appears to be excessive.
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SECTION 3
INVESTIGATION

3.1 ASSESSMENT TEAM MEMBERS

J. A. Chamberlin ' | Technical Manager
McDonnell Douglas Technical Service Co.
Houston, Texas

D. F. Greene, Senior Engineer Principal Engineer
Mechanical Engineering Department

Douglas Aircraft Co.

Long Beach, California

D. E. Evans, Senior Engineer Hydraulic Systems.
Mechanical Engineering Department

Douglas Aircraft Co.

Long Beach, California

C. H. Goldthorpe, Senior Engineer Servocontrols
Mechanical Engineering Department

Douglas Aircraft Co.

Long Beach, California

D. M. Beck, Senior Engineer A Safety and Reliability
Reliability and Safety Engineering Department

Douglas Aircraft Co.

Long Beach, California

J. Little, Consulting Engineer Architectural
Senior Hydraulic Engineer Assessment
Douglas Aircraft Co.

Long Beach, California

3.2 ORIENTATION AND DATA COLLECTION

Presentations at NASA-JSC and NASA-MSFC were provided the assessment team
prior to commencement of the study in order to orient the team with the Space Shuttle
design requirements, construction, and performance. The known areas of hydraulic
system reliability concern were described. The team then proceeded to the Rockwell In-
ternational facility at Downey, California where the Space Shuttle mockup and various
test facilities were examined. Numerous technical and historical documents were provid-
ed the team for study and to illustrate the baseline for Orbital Flight Test (OFT) vehicle
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- OV102. As a result of these orientation activities, the assessment team prepared a
preliminary list of drawings and data needed to accomplish the requested hydraulic
system assessment. This list was periodically expanded as additional necessary informa-
tion was identified (reference Appendix C).

The NASA Task Monitor, R. D. White, provided the interface with the Space Shuttle
technical managers, contractors, and vendors to define the OV102 baseline systems and
the planned or contemplated modifications of the current baseline. In addition, he ob-
tained and provided the assessment team with appropriate system design and installa-
tion drawings, equipment specifications, detailed drawings of the components, system
test configurations, and test results.

3.3 SYSTEMS REVIEW

Information defining the Solid Rocket Booster (SRB) was received in sufficient quantity
to permit commencement of the assessment the first week in October 1977. As additional
data and documents for the SRB and Orbiter were supplied, they were catalogued until
sufficient information for each subsystem or component was on hand to permit
assessment. (Lists of documents and drawings supplied by NASA are included in
Appendix C.)

Drawings and documents defining the hydraulic systems on the SRB and Orbiter vehicle
were examined by team members to accomplish the following:

1. Assess the potential for loss of the operational Space Shuttle vehicle due to failures
in the hydraulic/actuation systems. Primary consideration was given to single-point
hydraulic-system failures (e.g., seals and hydraulic system interconnections).

, *

2. Identify viable system/subsystem alternatives required to correct any system
deficiencies disclosed, taking into consideration reliability, system impact, and pro-
gram posture. The gross cost, weight, schedule implications, and design concepts
were given for the alternative systems identified. The compatibility of any proposed
alternative systems with the current vehicle systems (structures, avionics,
hydraulics) was studied, considering the design and test maturity of the vehicles at
this point in the program.

3. Consideration was given to the impact on the total vehicle, the test program
schedule, the Orbital” Flight Test (OFT), and the Shuttle vehicle production
schedule. The possibility of phasing in a proposed upgraded configuration, at an ef-
fectivity which will avoid significant impact on the planned flight schedule, was also
consideréd.




The assessment effort was broken into three major elements: (1) power and utility
systems, (2) servo control systems, and (3) system architecture. To facilitate the
identification of single failure points (SFPs) and single failure conditions (SFCs), a fault
tree was generated to provide a pictorial representation of the sequence of events
leading from an SFP or SFC to the vehicle loss. These SFPs and SFCs were determined
by examining the reliability and safety documentation and by examining schematic
diagrams, assemblies, and detail drawings of the hydraulic systems. Checklists were
also developed (see Appendix D) to aid in identifying design deficiencies.

8.3.1 Space Shuttle Fault Tree Analysis

3.3.1.1 Purpose and Scope — The Fault Tree Analysis (FTA), illustrated in Figure
3-1, was prepared to assure that all SFPs leading to Criticality Category 1 hazards were
identified and analyzed. The FTA was chosen as an analytical tool for use in performing
the assessment because it is an orderly, logical analysis method and because it provides
overall visibility — that is, a pictorial representation — of the hazards and their

. -

relationships.

The FTA includes all the SRB and Orbiter hydraulic system effectors — i.e., elevons,
rudder/speed brake, body flap, External Tank (ET) umbilical retract, landing gear,
brakes, SSME fuel and thrust vector controls, and SRB TVC, as well as their associated
power distribution systems. It is a qualitative analysis; that is, it does not give values for
failure rates and probability numbers are not calculated. A qualitative FTA was selected
rather than a quantitative one because of the difficulty in obtaining valid failure rate
data for equipment that is essentially tailor-made for Space Shuttle application and for
which no failure history exists. However, the number of problem items (e.g., SFPs) is
given in order to indicate the magnitude of the overall hazard level for the vehicle.

The FTA is based upon data produced by previously performed failure modes and effects
analyses (FMEAs), safety analyses, hazard analyses, and other reviews and studies of
the hydraulic system. The sources for these data are included in the list of documents,
Appendix C, of this report. In particular, the FTA is based upon the MDC assessment of

the hydraulic system and its equipment.

The FTA is separated into four portions corresponding to the various phases of a flight,
namely the ascent (including prelaunch), entry/TAEM, approach and landing, and
rollout. Separation of the FTA into these phases was based on the effectors used during
each phase and the associated Criticality Category 1* hazard criteria. For example, the
effectors used during the phases are: during ascent, the SRB TVC, SSME TVC, and
elevons; during entry/TAEM, the aerosurfaces; during approach and landing, the
aerosurfaces plus the landing gear; and during rollout, the braking and steering
systems? The abort and on-orbit phases were not included because of the large number
of failure conditions that could be postulated for abort situations, and because the
hydraulic systems are nonoperational and at low pressure while in orbit.

*L.oss of life and/or vehicle.
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3.3.1.2 (Criticality Category 1 Hazard Criteria — The Fault Tree Analysis and the
MDC assessment are based on failures of the hydraulic subsystem that could result in
loss of life and/or the vehicle. Therefore, the guidelines used to determine such failures
were the Criticality Category 1 hazard criteria. These criteria are, of course, different
from abort criteria. The Criticality Category 1 hazard criteria (hereafter referred to as
the hazard criteria) are given below for the various mission phases.

For the ascent phase, the analysis includes both the SRB and Orbiter. For the SRB, the
hazard criterion is loss of TVC on one or both axes. The hazard criteria during ascent for
the Orbiter are:

Loss of control of one or more elevon surfaces

Loss of one SSME TVC (i.e., possible engine collision)

Loss of fuel control on two SSMEs

Loss of two or more ET umbilical retractors on either ET umbilical

Loss of two or more effectors

Loss of vehicle due to hydraulic leaks

Loss of control due to failures in passive effectors that have hydraulic pressure
applied to them (i.e., rudder, speed brake, and body flap).

During the entry/TAEM phase, the hazard criteria are:

Loss of control of one or more elevon surfaces
Loss of speed brake control

Loss of rudder control

Loss of body flap control

Loss of two or more effectors.

The SSME TVC actuators, SSME fuel controls, and umbilical retraction systems are’
isolated by shutoff valves after the ascent phase (ET separation). The landing gear,
braking, and steering systems are isolated by shutoff valves until the approach and
landing phase (landing gear commanded down).

In the approach and landing phase, the hazard criteria consist of:

* Same as entry/TAEM, plus failure of landing gear — main and nose — to extend
and lock.

Note that the worst case essentially has been assumed, since in some situations a safe
landing may be made even if one of the effectors is lost. For example, it may be possible
to lund the Orbiter without body flap control if the ¢g is within certain limits and the en-
vironment is benign.
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During rollout, a catastrophic hazard could occur due to:

Loss of braking control (i.e., loss of one or more wheel brake chambers)
Loss of speed brake control

Loss of elevon control (two or more surfaces)

Loss of rudder and nose wheel steering

Loss of two or more effectors.

The rollout analysis was based on failures which occur during higher rollout velocities,*
that is for velocities at which the rudder, speed brake, or elevons are effective. The
higher rollout velocities were used in the analysis for two reasons. First, at the lower
velocities the aerosurfaces become ineffective and their loss would be either inconse-
quential or possibly result in some damage to the vehicle, but it would not be a Criticality
Category 1 hazard. Second, a main consideration in causing loss of control during rollout
is the marginal nature of braking at the higher velocities. For example, if rudder control
were lost at touchdown, subsequent excessive braking might occur causing blown tires,
loss of directional control, or running off the side of the runway at high speed.

8.3.1.3 Fault Tree Analysis Development — The FTA is a top-down approach to failure
analysis, i.e., the fault tree starts with an undesired event — a Criticality Category 1
hazard in the case of the Hydraulic System Hazard Assessment — and then identifies the
various ways it can happen. This contrasts with the approach used in an FMEA. An
FMEA can be thought of as a bottom-up approach where modes of system/component
failures are identified and the effects on the vehicle are evaluated.

- The fault tree itself is a graphic presentation showing the system relationships among
fault events. Three types of symbols are used in a fault tree — logic, event, and transfer,
as shown in Figure 3-2. The logic symbols (gates) are used to interconnect the events
that contribute to the specified main (TOP) event. The logic gates that are used most
frequently to develop fault trees are the basic AND and OR Boolean expressions. The
AND gate provides an output event only if all input events exist concurrently. The OR
gate provides an output if one or more of the input events are present.

The event symbols are the rectangle, circle, and diamond. The rectangle represents a
fault event resulting from a combination of more basic faults acting through logic gates.
The diamonds and circles are basic fault events, as described in Figure 3-2, and
represent the lowest level of development of the fault tree.

The triangle indicates a transfer from one part of the fault tree to another. Triangles are
used in-two ways. One is to transfer the development of the fault tree to another page.

*Loss of brakes was also considered to be catastrophic at slower rollout velocities.
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This is necessary because of the limited space available on a page to complete the entire

LOGIC OPERATIONS (GATES) @

THE “AND’” GATE DESCRIBES THE LOGICAL OPERATION WHEREBY THE COEXISTENCE OF ALL
INPUT EVENTS IS REQUIRED TO PRODUCE THE OUTPUT EVENT.

THE “OR” GATE DEFINES THE SITUATION WHEREBY THE OUTPUT EVENT WiL.L EXIST IF ONE
OR MORE OF THE INPUT EVENTS EXISTS.

EVENT REPRESENTATIONS

THE RECTANGLE IDENTIFIES AN EVENT THAT RESULTS FROM THE COMBINATION OF FAULT
EVENTS THROUGH THE INPUT LOGIC GATE,

THE CIRCLE DESCRIBES A BASIC FAULT EVENT THAT REQUIRES NO FURTHER DEVELOP-
MENT, E.G. SINGLE FAILURE POINTS. (SEE FIGURE 3-3 FOR DEFINITION OF SINGLE FAILURE
POINT SYMBOLS USED IN THE ASSESSMENT )

THE DIAMOND IDENTIFIES A BASIC FAULT EVENT WHICH 1S NOT DEVELOPED FURTHER
BECAUSE THE EVENT DOES NOT PRESENT A HAZARD BY ITSELF BUT ONLY WHEN COMBINED
WITH AN UNDETECTED FAILURE, ’

THE DOUBLE DIAMOND 1S USED TO DESCR!BE A FAULT EVENT THAT IS CONSIDERED BASIC
IN A GIVEN FAULT TREE. THE POSSIBLE CAUSES OF THE EVENT ARE NOT DEVELOPED,
BECAUSE MULTIPLE, INDEPENDENT, DETECTABLE FAILURES MUST OCCUR AND THUS THE
LIKELIHOOD OF FAILURE IS INSIGNIFICANT COMPARED TO THE SINGLE FAILURE POINTS.

TRANSFER SYMBOLS

THE TRIANGLES ARE USED AS TRANSFER SYMBOLS. A LINE FROM THE TOP OF THE TRIANGLE
INDICATES A “TRANSFER IN” AND A LINE FROM THE SIDE DENOTES A “TRANSFER OUT.”

THE UPRIGHT TRIANGLE { A ) IS USED WHERE THE SEQUENCE OF EVENTS BEING TRANS-
FERRED TO ANOTHER PART OF THE FAULT TREE IS TO HAVE ALL IDENTICAL EVENTS IN
BOTH LOCATIONS.

THE INVERTED TRIANGLE { V7 ) IS USED WHERE THE SEQUENCE OF EVENTS BEING .

TRANSFERRED TO ANOTHER PART OF THE FAULT TREE 1S TO HAVE ONE OR MORE DIFFERENT
EVENTS IN THE SECOND LOCATION BUT IS TO BE IDENTICAL IN FUNCTION,

FIGURE 3-2. FAULT TREE ANALYSIS SYMBOLS

fault tree. Second, triangles indicate that an identical development applies in another
portion of the fault tree but is not repeated in order to save space and reduce the
complexity of the fault tree. Upright triangles are used for the first case and inverted
triangles are used in the second case, as described in Figure 3-2. In order to facilitate
locating transfers to another sheet (page) of the fault tree, the number of the sheet
where the development is shown is given under the upright triangle after the letters SH.

In the Space Shuttle FTA, circles are depicted in five ways, as shown in Figure 3-3.
First, the circles outlined with thin lines indicate SFPs that exist in the hydraulic system
that have been analyzed by both NASA and MDC and determined to present an
acceptable risk. Second, the dark circles highlight SFPs determined by MDC to be
significant problem items. (A significant problem item is one in which an undue risk
exists of a Criticality Category 1 hazard occurring with the present design.) MDC has
recommended corrective action to reduce the risk for each of the significant problem

items. Third,

not detected

dashed circles with UND under the circle indicate that the SFP failure is
in flight. This constitutes an undetected failure case (1U), as explained in

Paragraph 3.3.1.4. Fourth, the cross-hatched dark cireles indicate that corrective action
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SYMBOL DEFINITION

G ACCEPTED RISK

SFP{ )
SIGNIFICANT (NOT ACCEPTABLE)
SF:JL)
/ _ \ UNDETECTED FAILURE
\_/
UND ( )
NO LONGER A SINGLE FAILURE POINT
SRR
ELIMINA'I;ED WITH TANDEM ACTUATOR DESIGN
'SFP{ )

FIGURE 3-3. SINGLE FAILURE POINT SYMBOLS

taken will eliminate the significant problem as an SFP. In addition, the SFP and quantity
in parentheses under the cross-hatched circle have lines through them to indicate that
the SFP no longer exists. Fifth. an X through a circle indicates that the SFP for the
present design would be eliminated by use of the actuator designs proposed by MDC.

The quantity of single failure points per vehicle for that SFP is shown in parentheses
below each point. For undetected failures (dashed circle), an estimated exposure time
during which the failure could occur and a subsequent failure could result in a Criticality
Category 1 hazard is shown below the dashed circle (see examples in Figure 3-1).

An important fact concerning single failure points on an FTA is that although the SFP
appears near or at the bottom of the fault tree, it can directly cause a main (TOP) event
to occur. This is the case any time a path can be followed from the failure point through
OR gates to the TOP event. By this means, SFPs can be easily recognized on a fault tree.

3.3.1.4 Assessment Criticality Category 1 Failure Summary — Figure 34

summarizes the Criticality Category 1 items in the SRB and Orbiter hydraulic actuation
systems. The majority of the causes of a catastrophic hazard (Criticality Category 1

19




POWER CONTROL

CATEGORY OF FAILURE| DISTRIBUTION | ACTUATION SUBTOTAL | TOTAL

(CRIT) SRB ORB | SRB | ORB | SRB | ORB [VEHICLE

SINGLE FAILURE POINT | LEAKS | LEaks | 32 | 203 32 | 203 235
(1)

UNDETECTED FAILURE | LEaks | — 16 13 16 13 29
| (1U)

SINGLE FAILURE 16 9 — — 16 9 25
CONDITION * (1)

TOTALS | 16 9 a8 | 216 | 64 | 225 289

* CONDITION THAT IF IT OCCURS CAN RESULT IN LOSS OF TWO OR MORE HYDRAULIC
SYSTEMS SIMULTANEOUSLY (E. G.APU FLYING DEBRIS)

®* NOT INCLUDING LEAKS

FIGURE 34. CRITICALITY CATEGORY 1 SUMMARY —
OPEN SIGNIFICANT ITEMS

condition) are single failure points. Of the 235 SFPs in the vehicle, 203 are in the Orbiter
and 32 in the SRB. For the SRB, all the failures are of concern, of course, during the
ascent phase. The combination of possible SRB and Orbiter SFPs (together with the
undetected failures and single failure conditions) during ascent makes that phase the
phase during which the largest number of Criticality Category 1 hazard conditions exist.
Ascent is also the phase during which the most severe environmental conditions exist

(except possibly during the entry phase). However, the ascent phase is of relatively.

short duration — about 2 minutes for the SRB and about 13 for the Orbiter.

The phases presenting the greatest hazard to hydraulic systems may be the later ones
because significantly greater time exists for occurrence of Criticality Category 1
failures. For example, the exposure time for a catastrophic failure during ascent for the

SRB — about 2 minutes — compares with an exposure time for failure of an

aerosurface actuator or an external leak that could be as long as 43,200 minutes for a
30-day mission. Note: The great majority of the 43,200 minutes would be on-orbit time
during which the hydraulic pressure in the hydraulic systems is considerably reduced
and the actuators are not operating. Nevertheless, the possibility that a failure will
occur during the long exposure time on orbit is a definite factor in considering the overall
chance of failure occurring during the mission.
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In regard to long failure exposure times, the effects of undetected failures were studied
in the assessmént. An undetected failure is defined as “a passive failure in flight that is
not detected and annunciated and its effects are unobservable.” Thus it is a failure that is
unknown to the flight or ground crew. Accordingly, the failure can exist undetected for a

long period of time.

The undetected failure does not by itself create a hazardous situation; however, it
becomes critical when, combined with a subsequent failure, it precipitates a catastrophic
accident. This is particularly significant in the cases where the subsequent failure would
not otherwise present a hazard. An example is loss of a hydraulic system. Loss of one
hydraulic system could be the cause for an abort, but the vehicle and crew could be
safely recovered; thus the hydraulic system loss would not be a catastrophic, Criticality
Category 1 hazard. However, if a body flap hydraulic brake had previously failed to the
off condition (an undetected failure), then the loss of one hydraulic system could be
catastrophic due to loss of body flap control.

The significant point is that after an undetected failure, the flight will continue without
the crew knowing they are one failure away from the drastic consequences of a single
failure — a single faiture that has a relatively high probability of occurring and that now
will be catastrophic. This is in contrast to the situation where the first failure is detected
and the flight crew can prepare for a subsequent failure by aborting, returning to earth
early, deactivating certain equipment, etc.

Inherent in the meaning of failure detection is that the occurrence of the failure is made
known to the flight or ground crew within a reasonably short time. A failure that is
detected only by telemetry and is recorded on tape along with other data, and is not
looked at for a long time afterward, is not classified as a “detected” failure since it was
not known soon after its occurrence.

The undetected failures have been categorized as Criticality Category 1U in the
assessment. The 1U category indicates that a failure can occur without being known and,
during the time subsequent to this failure — which can be a long time — the occurrence
of one more failure can result in a Criticality Category 1 hazard.

A Criticality Category 1U failure and a Criticality Category 1R failure differ in two
ways. First, Criticality Category 1R is used to indicate that an undetected failure could
occur in a redundant component of a critical system., A Criticality 1R failure results in
loss of part of a redundant system without the loss being known. However, there may be
no single additional failure subsequent to and in combination with the 1R failure that
would result in a catastrophic accident. Second, a Criticality Category 1R failure must
occur in a redundant component whereas a Criticality 1U failure may occur in a
redundant or a nonredundant component.
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A feature that is common to both the Criticality 1R and 1U failures is that it is especially

important to assure that they are checked for prior to each flight. The 1R- and 1U-type
failures should be checked for during the prelaunch checks and as near to liftoff as
possible in order to reduce the exposure time for such failures and thus reduce their
likelihood of occurrence.

The single failure conditions (SFCs) in the assessment refer to conditions such as pump
ripples and surges or vibration and acoustics which could cause the hydraulic system to
fail. An SFC is not a failure of a hydraulic system component; however, each SFC
represents a single failure cause that could result in loss of two or more hydraulic
systems, a Criticality Category 1 hazard, and thus is included in the assessment.

(]

3.3.2 Power and Utility Systems

3.3.2.1 Solid Rocket Booster — There are three situations in the SRB hydraulic power

- systems where a single condition or generic fault may result in a Criticality Category 1
failure. These are (1) reservoir overfilling, (2) pump pressure line failure, and (3) mount-
ing of a manual shutoff valve.

3.3.2.1.1 Reservoir Overfilling — Each solid rocket booster has two hydraulic power
systems. The assessment team was informed that the hydraulic reservoir in each system
is to be filled 70 percent full prior to operation; however, no documentation for this
requirement was provided. There is an automatic launch hold if the reservoir is less than
50 percent full, but there is no similar upper limit. If a reservoir were filled above 86 per-
cent at ambient temperature, it probably would burst in flight. This would occur because
the system temperature increases about 1800F and this would cause sufficient expansion
of the oil to bottom the reservoir piston. When this occurred, the reservoir oil pressure
~ would rise and the low pressure relief valve would open. The exhaust line on this relief
valve is capped in flight at the service panel. For this reason, the reservoir pressure can-
not be relieved and the reservoir would burst.

If the above situation is combined with a previously undetected failure in the second

system, the result would be a Category 1U failure. It could well be that the person

assigned to fill the reservoirs would overfill both of them. This would be a generic pro-
blem in which a single personal error would result in a dual failure, and loss of both
hydraulic systems. This would be a Criticality Category 1 condition.

The following actions are recommended to correct this condition:

1. Provide an overboard vent which is open in flight for the low-pressure relief valve.
This is a preferred solution.
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2. Asan alternative, the following may be done:

¢ Limit maximum oil fill volume to 80 percent of reservoir capacity.

e Check reservoir volume at countdown.
e Provide an automatic launch hold for both minimum and maximum oil volume.

3.3.2.1.2 Pump Pressure Line Failure — The pump pressure line is a short length of
hose followed by a hard line to the check valve and filter. The length of hose and hard
line is within a few inches of the same length as the original Douglas DC-10 aircraft pump
hose lines. The DC-10 installation developed a serious problem because of pump ripple
with 1250-psi peak-to-peak pressure variations. This resulted in several line failures at a
life of approximately 40 hours. After considerable analysis, and test of several configura-
tions, a satisfactory solution was found that reduced pump ripple to 125 psi peak-to-peak
yet did not reduce operating life. It consisted of a pump ripple attenuator, a small hollow
spheroid about 5 inches in diameter, and a longer hose. The configurations, both before
and after, are shown in Figure 3-5.

The configurations of the SRB and DC-10 pump line routings are sufficiently alike to
cause concern that the SRB would encounter this kind of problem. The tests conducted
on the SRB system did not incorporate a pressure transducer next to the pump. The only
pressure measurement taken was inside the fluid manifold assembly using a normal
response transducer. Pressure measurements were recorded only five times per second.
It is most unlikely that this test would reveal the existence of a pump ripple problem.

It is recommended that pump ripple and its effect on the operating life of the line be
determined. The Douglas experience with this type of problem indicates that the test
article must be the same as that used in production assembly. In addition, only a high-
response (10 kHz) instrument such as a Kistler pressure transducer will provide
accurate data. It is furthermore necessary to display the Kistler output on an
oscilloscope or continuous high-speed recorder. Pressure measurements should be made
at both ends of the pump pressure line. In our experience, these things are mandatory to
evaluate the problem. With an average life as low as 40 hours, the probability of a dual
generic failure becomes unacceptably high. If the existing pressure line configuration
has insufficient life, some combination of a longer hose and a pressure attenuator
chamber may be required.

3.3.2.1.3 Manual Shutoff Valve — Two manual bleed valves are provided for each
hydraulic power system on the Solid Rocket Booster. These valves are mounted by
clamping the valve body in a circular hole in the service panel with a jam nut. This is
shown In Figure 3-6. The valve is opened and closed by applying a wrench torque to the
projecting hexagonal stem. If excessive torque is applied when opening or closing the
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= FIGURE 3-6. MANUAL SHUTOFF VALVE

valve, it may rotate in the service panel. This could deform the tubing and loosen the
tube fittings. This is a generic problem and could very well occur on both hydraulic
systems at one time,

The recommended correction is very simple. A small metal plate which bears against the
flat of the valve body hex and is riveted to the service panel would prevent valve rota-
tion. In addition, the jam nut should be lock-wired in place. These two things will pre-
vent valve rotation and resulting tube deformation and leakage.

3.3.2.2 Orbiter Power and Utility Systems — The assessment of the Orbiter power
and utility systems included a review of all components and lines in the power and utility
systems with the exception of the water spray boiler and the nose gear steering. Data
were not available for a review of these two items. Information on the water spray boiler
has now been received and it will be reviewed at an early date. Servo actuators were
reviewed as a group and are not included in the power and utility section discussion.

Many potential failures could not be considered a Criticality Category 1 condition
because the effect of a single failure was confined to one power system.

Four situations exist in the Orbiter power and utility systems where a single failure may
result in a Criticality Category 1 condition. These problems result from (1) hydraulic
fluid leakage and spills, (2) leakage of Freon into hydraulic fluid, (3) failure of brakes as a
result of tire blowout or thrown tread, and (4) external leakage at the brake control
valve module.
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3.3.2.2.1 Hydraulic Fluid Leakage and Spills — External hydraulic leakage is a prob-
lem that has existed in airplanes for many years. The best of modern systems used in
current wide-bodied transports are a great improvement over those used in earlier air-
craft. This is the result of improved fitting designs, better joints between lines and fit-
tings, and increased use of permanent methods for joining tubing such as brazing, swag-
ing, and welding. External leakage on the major three wide-bodied transports (DC-10,
B747, and L-1011) is about the same in spite of their use of different detail hardware.
Leakage is still a problem even with the best available technology.

Figure 3-7 shows a manufacturing tool for development of the hydraulic power systems
on Orbiter Bulkhead 1307. The bulk of the equipment for three power systems is
mounted here. There is little separation of systems and many small areas have lines and
components from all three systems. This means that a catastrophic event such as a
turbine explosion or a fire could result in the loss of fluid from all three systems. There

are also many opportunities for leakage in this small space. The three systems should be -

separated, each to its own area, and barriers should be used to prevent fire or high-
velocity debris from crossing from one area to another.

The design technology used in the Orbiter hydraulic power system components and lines
is equivalent to that of current wide-bodied transport aircraft. The vibration environ-
ment in which the systems operate is much more severe than that of the aircraft. Also,
the long periods in orbit even at lower pressure have a potential for the occurrence of
failure. Therefore, it seems reasonable to assume a somewhat higher incidence of
leakage will occur than in current transport aircraft.

The Rockwell International (RI) hydraulic system Schematic Drawing VS70-580997

~shows several instances where a reductr fitting makes a very large change in a line size.
" One case has a 3/8-inch-diameter line teed into a 1-1/4-inch-diameter line. In this situa-

tion, the small line is very likely to fail since the mass of the fitting and large line forces

the small line through large vibratory amplitudes and soon causes fatigue failures. This
problem has resulted in a standard design practice at Douglas Aircraft Company —
change line diameters a maximum of two standard line sizes. On the DC-10, the
hydraulic lines are made of Armco 21-6-9 stainless steel tubing, but similar criteria for
titanium lines and fittings should be generated for the Orbiter. :

The RI schematic also shows the pump case drain line connected to a return line. The
return line may experience high momentary flows that cause a rise in pressure sufficient
to burst a pump case. This can occur in spite of the check valve which may not close fast
enough to protect the pump. This situation has occurred on earlier Douglas airplanes and
it is now standard practice to connect pump case drain to the reservoir with a dedicated
line. This condition should be evaluated in the hydraulic system test program.
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Based on what occurs in transport aircraft and the review of the Orbiter hydraulic @
system design, the following things probably would be causes of leakage.

1. Pressure surges and pump pressure ripple caused by:

Rapid valve closure
e High flow surges in return line
e  Hydraulic resonance in pump pressure line

2. Vehicle vibration causing:

Abrasion of lines against lines or structure
e Fatigue of small line at reducer fittings having large line-size dlfference

e Loosened fittings
3. Lines not properly matched at installation .
4. Servicing mishaps and large oil spills

3.3.2.2.1.1 Loss of Thermal Protection System (TPS) Tiles — External leakage can

seep through skin joints and soak the TPS tiles which are porous. Tests have been made

which show that a tile can absorb 700 to 800 percent of its dry weight in oil. Hydraulic oil ‘
does not affect the bond joint strength. However, during ascent the high vibration
environment combined with the greater mass of a soaked tile can cause bond line load to

exceed its strength capability. Some tiles may fall off during ascent. The critical condi-

tion occurs during reentry where the prior loss of a tile can result in a catastrophic

primary structure failure from aerodynamic heating. (This condition is discussed in

-NASA report VIES-135 dated January,1978.)

The TPS tiles are coated on the sides to prevent absorption of moisture. On the inboard
face, the tiles are bonded to a Nomex felt pad. NASA-JSC has suggested that these
coating materials may act as a barrier against hydraulic fluid. The capability of the
materials to survive multiple reentries and permit breathing or outgasing during ascent
while still acting as an effective barrier against moisture and hydraulic fluid are essential
characteristics. This possibility should be investigated.

3.3.2.2.1.2 Fire Hazard — The pump for each hydraulic power system is independ-
ently driven by a hydrazine-fueled hot gas turbine. There are hot spots on the turbine
and its exhaust pipe that expose up to 1000°F surface temperatures. RI has proposed
coating the auxiliary power unit (APU) and its exhaust pipe to prevent the ignition of
hydrazine at 500°F. This treatment may also prevent hydraulic fires, but lack of detail
information prevents making a positive statement. Hydraulic fluid has an autogenous ig-
nition temperature of 650°F and a flash point of 400°F. A hydraulic leak could be a solid
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stream of fluid, a spray, or a fog, depending on the line pressure and the shape and size
of the leak. It appears that well-atomized hydraulic fluid in a low-altitude air environ-
ment could cause an explosion with APU surface temperatures at 500°F.

According to RI, it was not possible to treat a 2-1/2-square-inch aperture at the gas
generator “well” area, and as a consequence exposed surfaces exceeding 500°F will
exist. RI has proposed that this condition be considered an “acceptable risk” for
hydrazine. The problem evaluation and its proposed solution are reported in the follow-

ing two documents:

1. APU Hydrazine Hot Surface Ignition Evaluation, TSR, January 1978.
2. Rockwell letter to Johnson Space Center, 7T8MA1885 dated April 19, 1978.

It is suggested that the 2-1/2-square-inch aperture at the gas generator injector well
might be protected by a device based on the principle of a Davy’s miner’s lamp. One or
more screens could be used. This approach could not be evaluated because of lack of data
on the gas generator injector.

The problem of hydraulic fire or explosion should be evaluated in parallel with the pro-
posal made for the control of hydrazine fires.

3.3.2.2.1.3 Hydrazine Line Insulation — A third problem is associated with the effects
of wetting hydrazine line insulation with hydraulic oil. The insulation blankets are a
fibrous material covered on one side with a thin, stainless steel foil. These blankets can-
not be sealed because the change in atmospheric pressure would rupture an unvented
cover. The hydrazine line blankets may therefore have spots wet with hydraulic fluid.
The hydrazine lines incorporate thermal sensors which automatically control electrical
line heaters. By these means the lines are intended to maintain a minimum temperature
of 55° to 65°F in a cold environment.

If a segment of the hydrazine line insulation is wet with hydraulic fluid, that portion will
have a higher thermal conductivity and therefore a lower temperature than other parts
of the line. If this occurs adjacent to a thermal sensor, it will call for more heat and other
parts of the line will exceed 150°F, the maximum allowable hydrazine temperature. On
the other hand, if a wet spot exists away from a thermal sensor, that point will go below
350F, the freezing point of hydrazine, and with a frozen plug of hydrazine, the APU
could not be started. Either of these two conditions is unacceptable.

These problems are described in the following documents:

1. NASA Memorandum ES34-11/77-204M, November 22,1977.
2. Rockwell International internal letter SEH-ITA-77-262, November 22, 1977.
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3.3.2.2.1.4 Recommendations — Many things can be done to minimize the incidence of
leakage and to provide protection from its effects.

There should be a special inspection of the hydraulic system in addition to all the inspec-
tions now required. It would be directed toward hydraulic leakage alone, and for this
reason may reveal problems not already found. This is occasionally done at Douglas to
solve a particularly troublesome problem. This inspection should check for proper fit of
lines by loosening tube supports and fittings to see if lines have been forced into position
at installation. The spacing of line support should be checked, along with the minimum
clearance between lines and structure or other lines. This may be done by using a wood
dowel as a “go” gage to verify proper clearances.

In view of the high vibration environment, tube fittings, caps, plugs, and bolt heads or
nuts should be lock-wired.

The hydraulic system test program should evaluate the magnitude of pressure surges
and pump pressure ripple. These things may be caused by rapid closure of valves and
resonant conditions in lines. Problems of this kind can normally be detected only with
high-response pressure transducers such as the Kistler gage which are capable of good
fidelity up to about 10 kHz.

The flow of external hydraulic leakage should be controlled and directed to points where
it does no harm. Oil leakage onto TPS tiles can be minimized by sealing around skin
rivets and skin lap joints with a bead of sealant. This is done to seal pressurized compart-
ments in transport aircraft, and it can be done after the structure is completely assem-
bled. TPS tiles should be coated or sealed to prevent the absorption of hydraulic fluid.
The cement used for their attachment to structures should also act as a hydraulic fluid
sealant. Leakage flow can often Le directed to sumps, overboard drains, and containers.
There should be procedures which are rigorously followed for cleaning up accxdental
spills during servicing and for inspecting the TPS tiles for contamination.

The APUs and hydrazine line insulation should be protected from hydraulic léakage and
sprays. This could be done with shields which protect these items from jets or sprays of
hydraulic fluid.

Failures of the main engine turbine pumps have been reported. In the event that turbine
blades were not contained, they could damage the SSME actuators and hydraulic lines
and the body flap valve module and lines. The APU turbine has also failed in tests.
Although the turbine blades were contained, the housing was cracked. This appears to
be a marginal condition with respect to turbine blade containment. Components and pip-
ing on Bulkhead 1307 are vulnerable to flying debris. Efforts to ensure containment of
parts for both of these turbines are continuing. To avoid catastrophic failures in the
hydraulic power system, it is also important to provide protection for local areas where
piping for all three systems converge.

30




3.3.2.2.2 Leakage of Freon Into Hydraulic Oil — A Freon heat exchanger is provided
to warm the hydraulic fluid. It has a brazed plate and fin core with a welded sheet metal
case. The single heat exchanger has independent and physically separated passages for
each of the three hydraulic power systems. Two independent Freon pumping systems
supply warm Freon 21 which passes adjacent to all three hydraulic chambers. Freon
pressure is 320 psia maximum and hydraulic pressure is 150 psig maximum.

The construction of the heat exchanger involves many welds joining sheets of corrosion-
resistant steel ranging from 0.046 to 0.079 inch thick. These joints are vulnerable to
failure in a high vibration environment. The failure of a single welded joint would leak
Freon into only one of the three hydraulic power systems. However, the Freon would
~eventually reach flight control and utility actuators and in some cases areas downstream

of switching valves. There, the Freon 21 could attack Buna N seals since the two are an -

“unsatisfactory” combination. Such a failure of an external downstream of a switching
valve could dump the hydraulic fluid from a primary system and its backup system. This
can produce a Criticality Category 1 condition.

NASA-JSC personnel have indicated that a change to another type of Freon which is
compatible with Buna N seals is not possible because of thermodynamic constraints.
Likewise, changing all hydraulic seals is not a practical solution.

There is a second problem associated with Freon leakage. In the range of temperatures
(1100 to 2759F) and pressures (25 to 115 psia) that exist at the main pump and circulation
pump inlets, Freon 21 is either a wet or superheated vapor. This means that very small
concentrations of Freon 21 would cause mild pump cavitation. Large amounts would
cause major cavitation or pump starvation because of vapor lock. Major amounts of
vaporized Freon would also drive hydraulic oil out of the reservoir and exhaust it over-
board. The effect of Freon on servocontrol performance is unknown. Because the pump

cavitation effects of a single leak are confined to one hydraulic power system, they are
not Criticality Category 1 items. They should nevertheless be evaluated. :

3.3.2.2.2.1 Recommendations — No vibration test is called for on the Freon heat
exchanger during production acceptance testing. Such a test should be specified. It
would help to reveal which heat exchangers are apt to fail in a real pressure and vibra-
tion environment.

The effect of various mixtures of Freon 21 and hydraulic fluid on Buna N packings
should be evaluated over the range of operating temperatures. This should establish a
time factor for packing life. In addition, the effect of various Freon mixtures on pump
cavitation and servocontrol performance must be evaluated.

Finally, the hydraulic fluid should be periodically analyzed to determine whether Freon
leakage was occurred and, if so, to determine its extent. This type of sampling should be
done before and after the first flight and at less frequent intervals if the experience is
good.
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3.3.2.2.3 Landing Gear Braking System — Once the Orbiter has touched down, vehi-
cle deceleration is accomplished by a set of brakes on each of the four wheels in the main
landing gear. The braking system is designed to operate on multiple hydraulic power
systems for redundancy. It also incorporates an antiskid system to attain optimum brak-
ing effort. Each hydraulic system contains a pressure reducer valve to provide 1500 psi
to each brake system manifold. Displacement limiting valves are provided so that a fluid
leak at any point downstream of the brake control valves will be limited. See Figure 3-8
for a schematic drawing.

Certain types of failures in the brake actuation system in the wheels, in the brake control
valve, and in the brake fluid lines can result in a Criticality Category 1 condition. These

failures can result in a loss of all of the braking effort on one main landing gear or half of
the effort on the entire vehicle brake system.

All of these types of failures impair the Orbiter’s ability to stop. Based on ongoing
analysis and tests of the braking system by NASA, it is possible that certain brake
failure modes may result in serious vehicle problems. These are:

1. With no brakes on one wheel (two chamber sets inoperative), the Orbiter may
overrun the runway at KSC.
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2. If Systems 1 and 3 or 2 and 3 are lost as a result of a single failure in the brake
control valve, only half of the brake chambers are effective. With a 32,000-pound
payload and the brake application started at 174 knots, the braking distance will
probably be excessive.

It is recommended that the probability of hydraulic power supply failures be minimized.
These problems are described in the following paragraphs with suggestions for limiting
their occurrence. The analysis of brake failures and their effect on stopping distances
should be continued. Finally, if stopping distance is a problem, alternative methods of
stopping the Orbiter should be evaluated. These might include parachutes, arresting
cables, or the like.

3.3.2.2.3.1 Failure of Brakes as a Result of Tire Blowout — On each of the two main
landing gears, the four hydraulic lines to the brakes are located on the aft side of the
shock strut. If a tire should blow out or a tread come loose on landing, a piece of tread
could destroy all four lines. This would leave one landing gear with no brakes. The
unbalanced braking and the reduced braking capability will affect directional control and
may cause the Orbiter to overrun the end of the runway.

It is recommended that two brake lines be located on the forward side of the shock strut
and two on the aft side. A set of dummy torque links can be used to support the forward
brake hoses (see Figure 3-9). This is consistent with separation of redundant systems
and is the configuration used on commercial transport aircraft.
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3.3.2.2.3.2 External Leakage at Brake Control Valve Module — Each main landing
gear has two brake/skid control valve modules. Each module is connected to a primary
(P,) and a standby (Pg) hydraulic power system. Each module incorporates inlet filters,
pressure-operated bypass valves, a switching valve, control valves, flow displacement
limiter valves, outlet filters, and pressure transducers. A schematic drawing of this
valve is shown in Figure 3-10.

An external leak downstream of the switching valve but upstream of the flow displace-
ment limiter valves could dump all the fluid from both the primary and standby
hydraulic power systems. This would be a Criticality Category 1 failure. It would
adversely affect the performance of the flight control system. In addition, only half of the
normal braking effort might be available. All of this could occur only after the landing
gear shutoff valves were opened.

The following single point failures can cause the problems noted above:

1. The brake manifold is a proprietary design and only limited examination of the
drawing was possible. There are many internal drilled passages in the manifold
which contain Lee plugs. Loss of these plugs or substantial leakage past them
between the switching valve and the flow limiter in either pressure or return
passages could result in the loss of P, and Py,

Recommendation:

e  Add backup locks to ensure plug retention and a leakage barrier. Provide a rip
stop design on the valve housing. :
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In the brake switching valve, there are seals on either side of the brake control
valve chamber (see Figure 3-11). A failure of either seal will not be detected since
there is normally no pressure difference across them. If there is a ruptured line in P,
or P, the failure of the adjacent seal will permit fluid in the brake control valve
chamber to be leaked overboard. This will result in a loss of both P, and P hydraulic

power systems.

Recommendation:

e Provide check valves at each inlet to the brake control valve module (preferred,
cost-effective).

e Reduce the diametral clearance between switching valve sleeve and its
housing. This barrier may reduce leakage to an acceptable level. ’

It was observed that threaded port plugs were locked with Long-Lok inserts. It is
questionable whether these locks will remain effective for the 10-year service life of
the operational system. Loss of these plugs could result in the loss of the P, and P

systems.

Recommendation: ,
e Lock-wire all external plugs and caps.
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FIGURE 3-11. BRAKE/SKID CONTROL SWITCHING VALVE

3.3.2.3 Secondary Problems — This section is concerned with secondary problems

which do not lead to Criticality Category 1 conditions but nevertheless can contribute to
poor performance or failure.

3.3.2.3.1 Pump Delivery — The hydraulic pumps for the Orbiter are controlled by RI
Specification M(C281-0029. The D-01 Amendment to this document changed the rated
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‘rpm to 3918 from 3804. In Table I on Page 9 of this specification, the rated flow at Condi-

tion II was left unchanged. To maintain the original volumetric efficiency (98.63 percent)
but still reflect the increased rpm, the rated flow in Table I, Condition II should be
68.3 gpm. The gain of 2.0 gpm should not be lost. Corresponding changes should be
made in the Abex pump test documents.

3.3.2.3.2 Oil/Freon Heat Exchanger — The oil/Freon heat exchanger is used to warm
hydraulic fluid during orbit. It is a moderately compact unit and is mounted on the left-
hand side wall of the fuselage 5 feet aft of Bulkhead 1307. The heat exchanger is divided
into three compartments, one for each of the three hydraulic power systems. This con-
figuration presents a condition of vulnerability to a single event which could sever lines
for all three hydraulic power systems. To provide maximum protection against a single
catastrophic event, the heat exchanger should be divided into three units which would
then be located at three widely separated points. This is in accordance with the principle
of separation of redundant systems. ‘

3.3.2.3.3 Water Spray Boiler — Three water spray boilers, one for each hydraulic
power system, are located at the top centerline of the fuselage just aft of Bulkhead 1307.
The three units are mounted parallel to each other with a minimum amount of clearance
between them. This condition is the same as for the oil/Freon heat exchanger with
regard to the vulnerability of all three hydraulic power systems to damage by a single
catastrophic event. For the same reason, the water spray boilers should be physically
separated from each other to minimize multiple failures.

3.3.2.3.4 Single External Seals — Most of the components which make up the power
and utility systems appear to have been designed to conventional aircraft criteria. For
the most part, this poses no problem. However, because the Orbiter environment is
more severe than that of normal aircraft, the likelihood of external hydraulic leakage ap-

pears greater. This might have been minimized by using either dual external seals or a

close- fitting metal barrier in series with a single seal. Such a change would be difficult to
justify at this time. This concept should be considered for future design activities.

3.3.2.3.5 External Tank Retract Actuator Hoses — There are six external tank
retract actuators. Each is connected to a fluid power system with two hoses. Each hose
has a conventional B-nut connector on one end and a swivel fitting on the other. The way
in which all 12 hoses are installed involves application of torque to the B-nut connector as
the actuator moves. This could loosen this fitting over a period of time. If the ends of the
hose were reversed with the swivel end next to the actuator, the torque on the B-nut end
would be greatly reduced. The hose ends are not physically interchangeable with their
mating fitting§ so this cannot be done without changes in the actuators and connecting
tubing.
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3.3.3 SERVOCONTROL SYSTEMS ASSESSMENT

Single Failure Point (SFP) Criticality Category 1 and 1U failure modes were investi-
gated for the servocontrol hardware associated with the Space Shuttle. The following

items were assessed:

SRB TVC actuators

SSME TVC actuators

Elevon actuators

Rudder/speed brake hydraulic control module
Body flap hydraulic control module

Main engine fuel control valve modules.

Seven areas of concern became apparent in the assessment:

S ok

Jammed spools

Loss of mechanical feedback bias springs
Failure of internal hydraulic seals

Failure of external hydraulic seals

Actuator piston rod bearings/packing glands
Hydraulic motor brake failure

Actuator strength criteria.

N~ =

Each of these concerns is addressed in the following paragraphs.

3.3.3.1 Jammed Hydraulic Valves — The Space Shuttle’s servocontrol hydraulic
actuators/modules use slide valves which can be jammed due to contamination. If this

occurred, there would be loss of life and loss of the vehicle. A jammed power valve in the

elevon, rudder/speed brake, or body flap is a SFP resulting in a Criticality Category 1
condition. In addition to the power valve,the lock valve is also a SFP on the SSME TVC
actuators. The SRB TVC actuators have three valves that can jam — the power valve,
the lock valve, and the switching valve. If any one of the valves jams, a Criticality
Category 1 or 1U condition results.

A stuck power valve will cause the actuators or hydraulic motors to drive their respec-
tive control surfaces into a hardover position. The lock valve on the TVC actuators, if
jammed, will not hold the actuators in their last command position after supply pressure
is lost. The single switching valve on the SRB TVC actuator, if jammed, will not switch
to allowethe standby pressure source to come on-line if the primary pressure source fails.
The lock valve and the switching valve failure modes are classified as Criticality
Category 1U since these failures are undetected and are not apparent until the first
failure occurs — in this case, loss of supply pressure.
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Large contaminant particles can be built into new, recently replaced, or overhauled
hydraulic components. Particles may be generated due to a failure of a component or by
being ingested directly when lines are opened for maintenance, etc. The high-vibration
environment which the Space Shuttle generates at vehicle liftoff can put particles into
circulation that are in the system but never flushed out. The large forces generated to
overcome a jam by the differential pressures acting across a valve spool make it possible
for the spool to shear through contaminants of a relatively large cross-sectional area.
Even though this is the case, precautionary measures should be taken. It is recom-
mended that a contamination screen be installed at each supply pressure servoac-
tuator/hydraulic module inlet to prevent particles that can create a jam from entering
the hardware. Contamination screens will prevent large failure-causing contaminants
from jamming the critical SFP components. A fine filter, 10-microns nominal, 15-
microns absolute, is still required in the servoactuator to protect the delicate hydraulic
components and servovalves. The fine filter would be located between the coarse screen
filter and the components susceptible to contamination by fine silt particles.

Redundant jamproof valves could be used to eliminate this failure mode; however, a jam- ‘

proof valve is a rather complicated part. Since the power valve design is already made
up of many parts, it is recommended that the present valve design which can generate
large forces to drive through contaminants be combined with inlet screens as a practical
solution for eliminating the problem of jammed spools. The screens should have suffi-
cient area to minimize pressure loss but openings small enough to capture contaminants
which exceed the shearing force of the valve spool.

3.3.3.2 Loss of Actuator Position Mechanical Feedback Bias Spring — The SRB TVC(C
and the SSME TVC actuators use mechanical negative feedback of actuator position to
each of the four channel servovalves to close the actuator position control loop. The
mechanical feedback design uses a bias spring to hold the hysteresis to a minimum by
preloading the linkage in one direction. The spring is unrestrained and could possibly
vibrate off its supporting pivots. Loss of control of two servovalves will result if this
occurs. A force fight will take place between the two remaining servovalve channels and
the two malfunctioning servos. As a result, loss of control of the actuator and vehicle will
occur. This is a SFP resulting in a Criticality Category 1 condition. The spring in ques-
tion is identified by Moog Drawing No. A05769. It is installed on the SRB and SSME
Moog power valve assemblies (Figure 3-12). The spring should be positively caged to
prevent the unit from jumping out of position and causing a critical malfunction.

' This problem was reported to NASA-MSFC and NASA-JSC and corrective action is
being taken.
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3.3.3.3 SRB TVC Actuator Piston Head Internal Hydraulic Seal Failure — The SRB

TVC actuator piston head seal (Figure 3-13) is a dynamic seal with the actuator control
pressure applied across the seal. A failure of the seal can allow internal leakage in excess

7 A7, .
DIAMETRICAL CLEARANCE = 0.007 INCH
DIAMETER =7.306 INCH

LAND LENGTH= 0.4 INCH MINIMUM

1
/4
FIGURE 3-13. SRB-TVC ACTUATOR PISTON

of 20 gpm to occur. This would create a Criticality Category 1 condition since loss of con-
trol of the actuator and vehicle would occur.

MSFC conducted annulus flow tests from which the curve in Figure 3-14 was plotted.
The test specimen had a diameter of 1.74 inches at the annulus, with an 0.005-inch
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diametral clearance, a land length of 0.14 inch, and a measured hydraulic fluid flow of
17.3 gpm at 150°F with 2000 psi applied across the lands. The piston head seal has a
diameter of 7.31 inches with an 0.007-inch diametral clearance and a land length of 0.4
inch. The actuator piston seal area through which the leakage flow passes has increased
from 0.01367 to 0.08037 square inch. The flow through the opening is directly propor-
. tional to the area and inversely proportional to the land length. The leakage flow past
the piston head seal with the seal completely removed equals 35.6 gpm as extrapolated

from the MSFC leakage flow test results for a differential pressure of 2000 psi applied .

across the lands.
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Hydrazine is used to power the APU which drives the hydraulic pump. Any hydrazine in
excess of that required to provide pressurized hydraulic control fluid for gimballing the
SRB thrust vector nozzle at 3 deg/sec and for operating the four servovalves per control
actuator can be used to provide leakage flows for any malfunctioning hardware. The
extra hydrazine on board can accommodate a 20-gpm internal leak for the entire ascent
portion of the SRB-powered flight. Since failure of the actuator piston seal causes an
internal leakage flow in excess of 35 gpm, loss of actuator control will occur.
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A recommended fix is to install a barrier metallic piston ring seal in series with the
existing seal as was done for the Space Shuttle elevon and the SSME TVC actuator

piston head seal.

3.3.3.4 SRB TVC Transient Load Relief Valve External Hydraulic Seal Failure — An
analysis was made of the seals in the revised transient load relief valve, Moog Drawing
No. A23010. The study revealed that Seal No. 1 (Figure 3-15) had a leakage rate of
3.1 gpm with a differential pressure of 2000 psi applied across the lands with the seal
failed. A Criticality Category 1 failure condition exists because the leakage rate is above
the maximum allowable rate of 2 gpm. The 2 gpm flow limit is equivalent to the volume
of hydraulic fluid in two SRB reservoirs that can be lost during vehicle ascent before the

TVC hydraulic control system becomes inoperative. An annulus flow equation for.

laminar flow was used to calculate the leakage past a 100-percent failed seal (see Fig-
ure 3-16). .
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FIGURE 3-15. SRB TRANSIENT LOAD RELIEF VALVE
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FIGURE 3-16. VALVE ANNULUS DIMENSIONS
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where
Q = steady flow in annulus hetween shaft and cylinder = 11.97 in.*'sec = 3.1
gpm -

D = diameter of passage = 2.243 in.

h = passage height = 0.00175 in. (worst case;

p = fluid viscosity = 1.146 x 10-% |b-sec/in.2 at 1500F

[. = passagelength™ 0.587 in. (worst case)

€ = eccentricity of circles = 0.001 in. (due to eccentricity of seal groove)
P, = upstream pressure = 2000 Ib/in.? (control pressure)

P, = downstream pressure = 15 Ib/in.2 (actuator cavity pressure)

NASA-MSFC ran a flow leakage test on a seal configuration with a passage length of
0.565 inch, a diameter of 1.74 inches, and a diametrical clearance of 0.001 inch at 1500F.
With the seal removed and 1500 psi applied across the lands, a leakage rate of 1.1 gpm
was measured. Using the annulus equation with this set of conditions, the Q was
calculated to be 0.69 gpm. The eccentricity was assumed equal to 0.001 inch. The

annulus equation gave lower leakage results than the test. Using the test results of -

1.1 gpm and extrapolating this flow for the actual set of parameters used in the flight
valve produces a flow of 9.6 gpm. .

.1 gpm x — Xx-—x-—x
b Do Ly By=Pyy

(0.00175)> 2.243 0.565 2000

X 1730 X 03587 * 100 _ o &P

1.1 gpm x
(0.001)°

where subscript “f” is for flight hardware and subscript “t” is for test hardware.

It appears the leakage flow could be as much as 9.6 gpm. The leakage rate is calculated
to be excessive by either extrapolating the test results or using the annulus flow equa-
tion. To reduce the leakage flow, a barrier seal should be provided, the passage length
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increased, or thé annulus between the housing and outer bushing decreased. This prob-
lem was reported to NASA-MSFC. Corrective action is being taken by providing a bar-
rier seal. Updated drawings showing the corrective action taken have not been provided

to this assessment team.

38.3.3.5 SRB TVC Switching Valve External Hydraulic Seal Failure — The SRB TVC
actuator switching valve has two seals, No. 2 and No. 3 (see Figure 3-17), which are con-
sidered single failure points and are classified as having a Criticality Category 1U failure
mode. A 1U category is an undetected failure that requires a second failure to occur
before the undetected failure becomes critical to the vehicle and crew. A failure in
Seals 2 and 3 would be undetected since primary and standby system supply pressures
exist on both sides of the seals. Any difference in pressure between the two supply
pressures will cause a small flow of fluid from one system to the other since system
pressures would not be exactly identical. This will cause reservoir levels to change
slightly during the 144-second APU operating time in ascent. If standby supply pressure
is lost and Seal 2 fails prior to the loss of standby pressure, then the primary pressure
will be lost with hydraulic fluid flowing across the failed seal and overboard through the
standby system leakage failure point. Likewise, if Seal 3 fails and an external leak
occurs in the primary supply, then the standby supply will be lost after the valve spool
transfers, allowing the standby fluid to pass through the failed seal and overboard
through the failed primary supply leakage path. Actuator control is not lost if only the
primary hydraulic system is lost; however, with an undetected seal failure that allows
the loss of the standby system, then the crew would lose control of the actuator and

vehicle.
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A failed seal allows an external leakage flow rate of 23 gpm. The maximum allowable on
the SRB is 2 gpm. An external leakage flow greater than 2 gpm will drain the primary
and standby hydraulic reservoirs, thus losing gimballing control of the booster for the
remainder of ascent flight. MSFC ran seal failure leakage tests, and the test data are
presented in Figure 3-14. The test specimen characteristics and test conditions are those
of switching valve Seals 2 and 3. Extrapolating the leakage flow tests to a differential
pressure of 3000 psi across the lands produces a leakage flow rate of 23 gpm.

3.3.3.6 SSME TVC, R/SB, Elevon Servo Valve Face Seal Load Relief — Moog servo
valve face seal leakage test data indicated that a failed supply pressure seal would leak
fluid at the rate of 1.99 gpm.* The maximum allowable external leakage flow on the
Orbiter is 0.1 gpm. This leakage flow would drain one reservoir during entry. A failed
seal would allow fluid to seep across the mounting face of the servo valve, opening up the
face slightly to reduce the effect of the barrier. A fix was made by undercutting a major
portion of the mounting face (Figure 3-18), thereby reducing the buildup of force. The
material left provided a tighter barrier to reduce the leakage flow. The item was left
open until test data are received indicating the fix has reduced the leakage flow to
0.1 gpm or less.

SURFACE TO BE
RELIEVED
0.005 +0-005

- o000 MOOG DRAWING A24055
SERVO VALVE

FIGURE 3-18. SERVO VALVE FACE SEAL
LOAD RELIEF

3.3.3.7 SSME TVC, R/SB, Elevon Filter Differential Pressure Indicator — Moog seal
leakage test data revealed that a failed seal caused excessive leakage to occur from
under the filter differential pressure indicator mounting face. The housing is a purchased
part made of AL2024-T3 aluminum. The seepage of fluid from under the aluminum

. flange would deform the flange, reducing its ability to function as a fluid barrier. A fix

was made by clamping a steel plate across the top of the housing (Figure 3-19) to provide
a solid backup to the flange in order to prevent the flange from deforming. This item was
also left open until test data indicate that corrective action has reduced the leakage to

0.1 gpm or less.
e et s e
*tlostomeric Seals Study for The Space Shuttle Main Engine TVC Servoactuator, Moog Report E-2299, Page 29, dated December 3,

iy
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INDICATOR BARRIER SEAL

3.3.3.8 Failure of Rudder/Speed Brake Switching Valve Manifold Union T-Seals —
Four unions (Moog Drawing No. A23797) called for in the hydraulic valve module
assembly Drawing No. A23830 (see Figure 3-20) are used to transfer hydraulic supply
pressure fluids from the switching valve manifold to the rudder power valve manifold,
and an additional four unions are used to transfer supply pressure fluids from the switch-
ing valve manifold to the speed brake power valve manifold. Primary supply pressure is
transferred through two of the unions; first and second standby supply pressures are
transferred through the two remaining unions of the four unions per mounting face.

A T-seal failure on one of these unions would allow supply pressure to seep between the
manifolds, enlarging in area until the fluid finds its way overboard from between the
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manifold assemblies. The fluid released between the manifolds and under pressure will
build up a load attempting to force the manifolds apart. It is possible to lose the three
hydraulic supplies if the bolts holding the manifolds together rupture, causing a malfunc-
tion of all servo control modules and actuators. These seals are single failure points
resulting in a Criticality Category 1 condition in which loss of the vehicle occurs. There
are 16 SFPs. If the pressure were to build up to 3000 psi under one-fourth of the mount-
ing face area, and four of the eight 3/8-inch-diameter bolts were resisting the load, then a
bolt failure could occur. Each bolt would be required to hold 9413 pounds, whereas the
bolt yields at 7594 pounds at 275°F; thus, the bolt margin of safety drops to —0.19.

It is recommended that a union seal leakage test be made to determine the adequacy of
the design. It is recommended that load relief be provided as was done in the case of the
Orbiter servovalves — example Moog valve, Drawing No. A24055 — by undercutting
the surface to prevent load buildup between the manifolds which could cause bolt failure

and loss of three hydraulic systems.

This problem was reported to NASA-JSC and corrective action is being taken by urnder-
cutting the mounting face to provide load relief. No updated drawings have been pro-
vided to this assessment team.

3.3.3.9 Actuator Piston Rod Bearings/Packing Glands — The SRB TVC, SSME TVC,
and elevon actuators use two piston rod bearing packing glands per actuator that are
shrunk-fit into position (see Figure 3-21). No positive restraint of the bearings or pack-
ing glands is provided. Douglas uses positive locking of their piston rod bearings on

CROSS-SECTIONAL VIEW
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GLANDS

AR hotheehdn

\— PISTON ROD
CYLINDER

FIGURE 3-21. ELEVON ACTUATOR
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flight control actuators. If the Space Shuttle piston rod bearings became unseated, then
a massive external leak would occur. Since the single failure point is downstream of the
actuator switching valves, all hydraulic systems would be lost overboard. It is recom-
mended that the design call for positive locking of the piston rod bearings, thus
eliminating 28 SFPs. :

3.3.3.10 Hydraulic Motor Brake Fails in Off Position — The rudder/speed brake and
body flap hydraulic control modules respond to electrical command signals to position a
power valve which controls the flow of fluid to three independent hydraulic motors. The
output velocities of the three hydraulic motors are mechanically summed through two
differentials into a single output shaft to provide a drive into a mechanical mixer in the
case of the rudder/speed brake and to the control surface in the case of the body flap. A
hydraulic brake is employed at the output shaft of each hydraulic motor that is operated
off the motor system pressure. At a predetermined decaying pressure, the brake is
engaged to maintain the last commanded position of the control surface with no motor
inputs and to prevent any torque from feeding back to the motor. .-

If a motor brake fails in the off position, then the two remaining motors will cause the
failed system to run in reverse. This type of failure will cause loss of the vehicle, and is
classified as Criticality Category 1U. It is an undetected failure and does not become
apparent until after the supply pressure is lost. The body flap brake may be applied as
often as two times per second; thus, many operational cycles can be applied to the hard-
ware. A failure of the brake piston (Figure 3-22), pressure plate, or spring will prevent
the brake from operating properly.

‘ ‘ BRAKE PISTON

BRAKE Housme—\
SPLINED smn\

BRAKE PRESSURE PLATE

- X .
N - \—BRAKE SPRING

FIGURE 3-22. HYDRAULIC MOTOR BRAKE ASSEMBLY
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Successful life cycle testing of the brake is required to increase the chances of success;
however, the brake is a single failure point and it is recomended that a backup braking
device be implemented for the body flap as well as for the rudder/speed brake
configuration.

The rudder/speed brake (R/SB) design connects the hydraulic control module with the
motors through a section of steel tubing. This provides an additional single failure point.
A slow fluid leak in the tubing may not reduce the pressure enough to allow the brake to
be applied; however, its motor may be driven in the reverse direction by the output of
the other two motors and as a result, loss of control may occur with a resulting loss of life
and the vehicle. This type of failure is classified as Criticality Category 1.

3.3.3.11 Actuator Strength — As a part of our assessment, we reviewed superficially

the strength analysis reports for an elevon and SSME TVC actuator. The reports were

examined to see if appropriate procedures, load factors, and safety margins were evi-

dent. Several items appeared to be questionable and further investigation was con-
ducted. The questionable areas found were as follows:

1. Criteria for primary flight controls do not satisfy the minimum requifements set
forth in the FAA airworthiness standards.

2. Calculated stresses shown are not always the maximum stresses the parts will
experience.

3. The Fracture Control Plan has not been completely implemented.

3.3.3.11.1 Commercial Aircraft Design Philosophy — Commercial aircraft must comply
with FAA document airworthiness standards: Transport Category Airplanes, Part 25.
Of particular interest are Paragraphs 25.671 (C1, C2, and C3) which are quoted below:

25.671 Control Systems -

(c) The airplane must be shown by analysis, test, or both, to be
capable of continued safe flight and landing after any of the following
failures or jamming in the flight control system and surfaces (including
trim, lift, drag, and fuel systems), within the normal flight envelope,
without requiring exceptional piloting skill or strength.
Probable malfunctions must have only minor effects on control system
operation and must be capable of being readily counteracted by the
pilot.
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(1) Any single failure, excluding jamming (for example, disconnection
or failure of mechanical elements, or structural failure of hydraulic
components, such as actuators, control spool housing, and valves).

(2) Any combination of failures not shown to be extremely im-
probable, excluding jamming (for example, dual electrical or hydraulic
system failures, or any single failure in combination with any probable
hydraulic or electrical failure). ,

(3) Any jam in a control position normally encountered during takeoff,
climb, cruise, normal turns, descent, and landing unless the jam is
shown to be extrmely improbable, or can be alleviated. A runaway of a
flight control to an adverse position and jam must be accounted for if
such runaway and subsequent jamming is not extremely improbable.

FAA airworthiness standards require a dual load path for all primary flight control
actuators unless a single failure can be demonstrated to cause only minor effects on the

control system operation.

Douglas policy has been to qualify even a fail-safe actuator by life-cycle endurance
testing to three lifetimes for commercial aircraft and four lifetimes for military aircraft.

During the preliminai‘y design phase, large factors on stress are used depending on the
required cycles per lifetime.

Basically, the purpose of a fatigue analysis is to aid in the design of the individual com-
ponents in order to minimize the number of parts that would require modification during
the endurance verification test program. Generally, fatigue analysis is not acceptable for
safe life structure unless a factor of 3 is used on stress. This may result in high margins
of safety when the final static stress analysis is performed. The ultimate load used for
-analysis is based on the higher of 1.5 x 3850 psi (full flow relief valve pressure) or 1.5
times the pressure developed from the maximum load anticipated in one lifetime (as

when gusting is encountered during a maneuver).

3.3.3.11.2 Moog Report DR No. SE06, Elevon Structural Analysis — The finite
element stress analysis using program SAP IV or SAP V is a very good approach and is
much better than Roark.* However, the centroidal stresses shown through most of the
report are not the maximum stresses. The outer surface stresses should be used and
care taken to assure that the proper element edge represents the outer fiber. Edge
stresses could be as much as two times the centroidal stresses. The only uses of edge
stresses in this report are discussed on Pages 6 and 61 of the Moog report.

Trapezoidal elements should be used in the high stress intensity areas and not triangular
elements for the axis-symmetrical option. Reentrant corners (e.g., radii at the bottom of
O-ring grooves) should be modeled with four or five elements from tangent point to
tangent point, even for radii as small as 0.020 inch.

*SAP - A Structural Analysis Program developed by the University of Southern California, Dept. of Civil Engineering, Los
Angeles, CA 90007,
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*

More analyses of the more complicated nonsymmetrical areas of the aluminum body and
stainless steel cylinder should be done using Type 5, 3-dimensional solid elements or
Type 8, thick shell and 3-dimensional elements of SAP IV or SAP V.

Use of SAP IV or SAP V finite element analysis would help identify the high stress in-
tensity areas for the fatigue analysis that is lacking in this report. The only fatigue
calculation in this report is found on Page 6. We believe that a thorough fatigue analysis
would reveal a number of fatigue-critical areas. The high-stress-intensity areas should
be identified by conventional fatigue analysis and good engineering judgment.

3.3.3.11.3 Actuator Fracture Control Plan — Fracture control verification is supposed
to ensure that the maximum undetectable flaw within a part will not grow to a critical
size and cause a fast fracture of the part within four lifetimes or less than four lifetimes if

the part is replaced periodically.

Rockwell International (RI) has prepared a document, SD73-SH-0082A, entitled Space

Shuttle Orbiter Fracture Control Plan, published September 1974. This document
defines the criteria for analysis and tests needed to provide fracture control verification
of hardware. Figure 3-23 taken from that document is a block diagram presenting the
fracture-critical part selection logic. When applied to the control actuators, it states that
normal static and fatigue analysis must be completed on a part. It also asks whether loss
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of the part will cause loss of the vehicle. If the answer to this question is “no,” then the
part is made according to standard manufacturing procedures. If the answer to the ques-
tion is “yes,” then the Fracture Control Plan must be applied to the part.

In the case of the servocontrol actuators, the parts are single-load-path flight-critical
items and, as such, the Fracture Control Plan must be applied to this hardware. The
Fortress Program as applied to the actuators must include the Fracture Control Plan.
The actuator fracture control verification effort has been deferred. This effort should

have been accomplished during initial testing of the hardware; however, it is recom-.

mended that this verification effort be accomplished as soon as possible to minimize the
impact of testing and any consequent changes in the hardware.

3.3.3.12 Summary — In summary, there are 291 single failure points discussed in the
servocontrol systems assessment. Of this number, NASA has indicated that as of July
11, 1978, 196 are being subjected to corrective action. The remaining items are awaiting
consideration. The SFPs identified in Section 3.3 have been summarized in Table 3-1. '

TABLE 3-1
SINGLE FAILURE POINT TABULATION
>
E>
- (3}
39 81 21 =
_8 - k- g
skl 2| 2|8
oo| o | @ || €| a
1. JAMMED SPOOLS
POWER VALVE 4 6| 4| 6|3
SWITCHING VALVE Ww | 4
LOCK VALVE 1w 4 6
2. BIAS SPRING 11 8 | 12
3. PISTON HEAD SEAL 1 4
4. TRANSIENT LOAD RELIEF VALVE |1 4
5. SWITCHING VALVE SEALS qwul s
6. SERVO VALVE FACE SEALS B 72|48 | 24
7. FILTER OP INDICATOR SEAL o 1 6l a | 2
8. UNION SEALS o I 16
9. PACKING GLAND 1 8 | 12| 8
. 10. MOTOR BRAKE U 6 (3
11. FRACTURE CONTROL , 1 4 6 4| 1

*INDICATES NASA IS TAKING CORRECTIVE ACTION.
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3.3.4 Hydraulic System Architecture Assessment

The assessment of the Space Shuttle hydraulic system architecture is divided into two
sections. The Solid Rocket Booster (SRB) thrust vector control (TVC) actuation
architecture is addressed in Paragraph 3.3.4.1. The assessment of the Space Shuttle
Orbiter hydraulic system architecture is addressed in Paragraph 3.3.4.2. The
calculations substantiating the architecture assessment are presented in Paragraph
3.3.4.3.

- 3.3.4.1 SRB TVC Actuation Architecture Assessment — The SRB TVC actuation
system architecture basically consists of two hydraulic systems, one primary and the
other available through a pressure-operated switching valve. This system, to operate an
essential service for a short time, is consistent with commercial aircraft design practice
except that the loss of one SRB TVC actuator package as a pressure vessel or a
structural member creéates a Criticality Category 1 condition.

'3.3.4.1.1 Horsepower Requirements — Sufficient horsepower is available to produce
the desired gimbal rate of 5 deg/sec for both servo actuators under normal operating
conditions as presently defined; that is, with the present-size actuators, the existing
pressure drop through the actuator package, and with both auxiliary power unit (APU)
driven hydraulic power systems in operation (Paragraph 3.3.4.3.1).

The standby power provided by only one operative hydraulic system is adequate to
provide a 3 deg/sec gimbal rate, providing an APU overspeed of 113 percent is attained,
the internal leakage is not excessive at the time that standby power is required, and the
hydraulic pump volumetric efficiency is not subnormal (Paragraph 3.3.4.3.2).

It is recommended that the APU overspeed operation be eliminated providing stable
control can be achieved with a slightly reduced gimbal rate (Paragraph 3.3.4.3.3) as thls
simplifies the system and increases its reliability.

3.3.4.1.2 System Architecture — The SRB TVC actuation system architecture consists
of two 3000-psi hydraulic systems. Each is powered by one 68-gpm variable
displacement hydraulic pump driven by a separate. independent, hydrazine-fueled
auxiliary power unit subsystem.

One hydraulic system supplies primary power to the tilt TVC actuator package and the
other supplies primary power to the rock TVC actuator package. (See Figure 3-24.) In
the event one of the systems fails to operate, either as a result of fluid loss due to exter-
nal leakage or to an APU or pump failure, the other hydraulic system is used as a stand-
by source of power through a pressure-operated switching valve in the affected TVC ac-
tuator package. No other standby power is provided. The SRB TVC actuation system
operates for only 2 minutes after launch,
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The concept of using two systems to supply power to a service which operates for only a
limited time through a switching valve was applied for many years on braking systems
on aircraft. This concept proved to be adequate when the switching valve design was
carefully controlled to preclude malfunction. The operation of the SRB TVC actuator
switching valves is a Criticality Category 1 item. Therefore, these valves must
incorporate positive switching characteristics; i.e., it must be impossible for the valves
to stick in the midposition and the filtration and switching forces must be adequate to
ensure.shearing of any possible contaminant that might lodge between the slide and
sleeve. The valves must be designed so that an undetected failure will not cause loss of
the second system when the first system failure occurs. For example, if a static seal was
inadvertently omitted or damaged on the switching valve sleeve between the primary
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systefn pressure supply inlet and the pressure-to-actuator outlet, the second system
would be lost following the actuation of the valve as a result of the failure of the first

system.

Any pressure vessel type failure downstream of the switching valves in the SRB TVC
actuator packages will cause both hydraulic systems to fail, which results in a Criticality

Category 1 condition.

The rock and tilt actuator packages would be considered essential to flight if the normal
commercial aircraft philosophy were observed, in which case a tandem actuator with a
dual load path or some other means of providing redundancy would be employed if possi-
ble. The DC-10 aircraft incorporates multiple control surfaces to provide redundancy,
eliminating the need for dual load path actuators. The B747 incorporates dual load path
in some flight control actuator packages. A fortress type design has been used on com-
mercial aircraft in the desigh of flight control actuator packages when space or weight
limitations do not permit a redundant design to be used and the failure of the unit when
so designed can be shown to be extremely improbable. The DC-10 aircraft incorporates

fortress type designs.

The SRB TVC actuator packages are used for a limited time of 2 minutes immediately

after launch. A gross external leakage greater than 2 gpm is required to completely
drain both SRB hydraulic reservoirs in 2 minutes. Therefore, the actuator packages
remain fully operative for the required 2 minutes, providing an external leakage greater
than 2 gpm does not develop. Service records show that slow external leaks occur at
least 10 times more often than gross leaks (greater than 1 gpm).

Considering the precedents set by aircraft braking system design, some usage of for-
tress type design in aircraft, and the SRB TVC hydraulic systems’ tolerance to slow

external leakage type failures, the existing\design of the SRB TVC single actuator

packages is marginally acceptable. A fortress program including a fracture control plan
and superior quality control is needed.

The two-system concept is acceptable for this application because the systems are
relatively simple and used for only a short time. This results in high reliability. Since
only two systems are available, it is important that pattern failures are detected and
eliminated. Therefore, hydraulic pump and system verification testing is required to
substantiate the basic reliability of the systems.

The 2-minute use immediately after prelaunch and ground tests enhances the reliability
of the entire SRB TVC actuator system. However, care must be exercised in specifying
meaningful preflight and ground checks to ensure that the systems are operating as
designed and that no undetected failures exist prior to launch. Both reservoir volumes
should be monitored immediately before launch to determine if either system is leaking
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externally. The internal leakage and pump delivery of each system and the satisfactory
operation of the switching valves including flow delivery should be tested immediately
before launch. This may be accomplished by depressurizing one pump and then the other
and observing in both conditions that the gimbal rate is 3 deg/sec. Then, to determine
that the switching valves and the lock valves are fully open, both pumps should be
pressurized and the gimbal rate should be observed at 5 deg/sec.

3.3.4.1.3 Summary — Basically, the SRB TVC actuator system architecture is consis-
tent with commercial aircraft design practice. Sufficient horsepower is available to pro-
duce the desired gimbal rate of 5 deg/sec under normal operating conditions with the
present actuator sizing. The standby power provided by only one operating hydraulic
system is adequate to provide a 3 deg/sec gimbal rate providing there are no undetected
failures in the operative hydraulic system and the APU subsystem responds to the 113
percent overspeed command when standby power is required.

3.3.4.1.4 Recommendations

1. The SRB/TVC system architecture as it is presently designed appears to be weight-
and cost-effective. However, certain revisions in the servo actuators and hydraulic
power system are suggested for implementation in other sections of this report.

2. Increased reliability and system simplification are possible by eliminating the APU
overspeed operation after the failure of one hydraulic supply system if it can be
shown that stable control can be achieved with a slightly slower than 3 deg/sec gim-
bal rate during ascent. This should be considered after sufficient testing has been
completed to verify that a slower gimbal rate is acceptable.

: o
3. Adequate ground and prelaunch test procedures must be prepared and assessed. -

4. Hydraulic pump and system verification tests must be completed and evaluated.
3.3.4.2 Space Shuttle Orbiter Hydraulic System Architecture Assessment

3.3.4.2.1 Areas of Study — The Space Shuttle Orbiter hydraulic system architecture
assessment considered evaluation of the existing hydraulic power supply and
distribution arrangement, the horsepower requirements and system delivery, and the
hydraulic designs for actuation of the Space Shuttle primary flight controls. These
controls include the Space Shuttle main engine thrust vector controls (SSME TVC), the
main engine controls (ME controls), the body flap (BF), hydraulic valves and motors
only, the rudder/speed brake (R/SB) hydraulic power drive unit, and the elevons.
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3.3.4.2.2 Hydraulic Power Supply — The current Space Shuttle Orbiter hydraulic
system architecture is based on three redundant hydraulic systems. Each system is
pressurized by one 3000-psi variable displacement (68-gpm maximum) hydraulic pump,
each driven by a separate, identical hydrazine-fueled auxiliary power unit (APU) sub-
system. It would be preferable for each system to have a dual pump power source and to
be driven by different types of subsystems to achieve maximum redundancy and
reliability. The pump loading on the Orbiter is such that maximum horsepower is re-
quired for standby operation. For this reason, another full-size hydraulic pump would be
required to provide a dual power source for each system. The weight and cost penalties
are not warranted by the additional redundancy achieved. In addition, Douglas concurs
with NASA’s evaluation of alternate driving subsystems in that it is impractical to
develop a satisfactory one in the time allotted. Therefore, the existing hydraulic power
supply system architecture is acceptable providing a superior design and inspection pro-
gram is initiated to ensure the best possible APU subsystems are incorporated for driv-

ing the hydraulic pumps.

3.3.4.2.3 Hydraulic Power Distribution — The hydraulic systems provide power for
operating the primary flight controls (i.e., the SSME TVC, the main engine fuel con-
trols, the body flap (BF), the rudder/speed brake (R/SB), and the elevons), and the utili-
ty systems (i.e., the landing gear actuation, brakes, nose wheel steering, and external
tank umbilical retraction).

The flight control hydraulic power requirements impose the greatest demand on the
systems and dictate the basic hydraulic system architecture.

The concept of a three-hydraulic-system architecture to provide redundancy for the
‘operation of fully powered flight controls has proven to be satisfactory on commercial
"aircraft. However, the required redundancy and reliability have been achieved by in-
corporating the following:

1. Standby power available without manual or automatic switching. -

2. Independent systems to ensure that no single failure can cause loss of more than one
system. )

3. Adequate power in each system to ensure safe flight and landing with only one
operable system.

4. High individual system reliability and confidence by careful design and selection of
components with an extensive service history.

5. Redundant control surfaces so that loss of control of one surface will not cause the
aircraft to be lost.
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There are numerous single failure points (SFPs) downstream of the switching valves

within the Space Shuttle Orbiter flight control actuator packages. These SFPs can cause
loss of all three Orbiter hydraulic systems, which could result in loss of the Orbiter.
These single failure points are pressure vessel failures which may result from a seal
failure, a fractured housing, or a bolt or screw failure. Since a seal failure occurred early
in the Orbiter program, the seal problem has been adequately treated by the use of
redundant seals or seal barriers except as noted in Paragraphs 3.3.2 and 3.3.3 of this
report. However, the problems of fractured housings and serew failures have not been
adequately addressed. The Orbiter R/SB and elevon actuator packages have a multitude
of components and manifolds that are held together by screws. Commercial aircraft
service records show that the component housings, the manifolds with numerous drilled

passages, and the actuators are all subject to fracture failures. Design and inspection of

manifolds with numerous drilled passages is particularly difficult as stress risers are
inherent.

Bolt and screw failures have also occurred in aircraft flight control actuator packages.
These failures have resulted from overtorquing, undertorquing, bolt fractures, and not
using lockwire when specified on the drawings. Since commercial aircraft are designed
to fail operative/fail operative criterion, the fractured housing and bolt failures that have
occurred have not been catastrophic. However, similar failures occurring in the Orbiter
would result in loss of the Orbiter because the Orbiter actuator packages incorporate
switching valves which automatically select one system after another. If the primary
system fails, this would result in loss of all three hydraulic systems.

In this architecture assessment, an attempt will be made to indicate how the existing
single failure points which may cause loss of all three hydraulic systems can be

eliminated.

3.3.4.2.4 Horsepower — The selection of a three-system architecture for supplying
redundant hydraulic power to operate aircraft primary flight controls implies that
sufficient horsepower is available in each system so that safe flight and landing are
possible by using any one of the systems when the other two are inoperative (FO/FS).
However, it was determined that the system specification (SD72-SH-0102-6, Paragraphs
3.2.5.1 and 3.2.5.2) requires only fail-safe after the loss of one hydraulic system during
the ascent mode and full operational capability for aerodynamic flight control functions
during the descent mode. This philosophy does not seem valid unless it can be
established that the reliability achieved with these requirements imposed is acceptable
for the aerodynamic flight control functions.

During ascent, at least two operable hydraulic systems are required for engine throttle
control.” The existing design and procedures limit the ascent mode to 13.44-minute
duration immediately after launch (the time lapse between launch, T = 0, and closure of
the SSME hydraulic isolation valves). It is recommended that the SSME hydraulic
isolation valves be closed as soon as possible which will shorten the time span of Orbiter
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vulnerability to single failure points during the ascent mode. System reliability is
indirectly proportional to exposure-to-failure time. By shortening the exposure time
from 13.44 minutes to about 8 minutes and improving the reliability of the critical
actuator packages, the probability of the loss of two hydraulic systems during ascent
becomes sufficiently remote that it is acceptable.

The critical actuator packages which require reliability improvement are those which
have single failure points that could result in loss of two hydraulic systems during the
ascent phase of flight. The ones affected are: (1) the SSME TVC actuator packages, (2)
the R/SB hydraulic power drive unit (PDU), and (3) the elevon actuator packages. The

recommended improvements are discussed in Paragraphs 3.3.4.2.5, 3.3.4.2.8, and

3.3.4.2.9.

The Orbiter should also be capable of safe flight and landing throughout the balance of
the mission with only one hydraulic system operative. With the existing R/SB and
elevon actuation designs, a horsepower deficiency exists during the approach and
landing phases of flight. It is recommended that these actuator designs be improved to
reduce the horsepower required during approach and landing, as discussed in
Paragraphs 3.3.4.2.8 and 3.3.4.2.9. This is more weight- and cost-effective than
increasing the horsepower delivery of each hydraulic system.

3.3.4.2.5 Space Shuttle Main Engine Thrust Vector Control (SSME TVC) Actuation —
Single type servoactuator packages incorporating redundant switching valves drive the
SSME TVCs on the existing OV102 Orbiter .(Figure 3-25). Only two of the three
hydraulic systems supply power to each SSME TVC actuator package. Therefore, an
external leakage type failure downstream of the switching valves in an SSME TVC
actuator package results in loss of only two hydraulic systems. The SSME TVC actuator
packages operate only during the ascent phase of flight. Closure of the SSME isolation
valves prevents loss of hydraulic fluid from the hydraulic systems as a result of a leakage
type failure in the SSME actuation systems after ascent.

The existing procedures limit the time the hydraulic system is vulnerable to loss of fluid
as a result of an external leakage failure in the SSME TVC system to 13.44 minutes im-
mediately after launch (it is recommended this time be shortened, if possible). An exter-
nal leak of about 1.5 gpm will drain two hydraulic system reservoirs in 13.44 minutes.
The SSME TVC actuators would remain operative during ascent even if a slow external
leakage failure (less than 1 gpm) developed in one of the SSME TVC actuator packages.
Probably two of the three hydraulic systems would remain operative after closing the
SSME isolation valves. This is in contrast to the fact that a slow external leakage in
either the rudder/speed brake hydraulic power drive unit or an elevon actuator package
downstream of the switching valves can drain all three reservoirs and result in loss of all
three hydraulic systems.

Aircraft service records indicate gross external leakage failures (greater than 1 gpm)
occur less than one-tenth as often as slow external leakage failure. Since a gross external
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FIGURE 3-25. ORBITER MAIN ENGINE THRUST VECTOR CONTROL
ACTUATOR LOCATIONS

leakage failure must occur before the SSME TVC actuator packages become a Criticality
Category 1 item, these units are less critical than either the R/SB PDU or the elevon ac-
tuators, and the existing single type SSME TVC actuator packages are marginally
acceptable for use on the operational Space Shuttle Orbiter.

It is recommended that a fortress type program be implemented. This program should
include a fracture control plan, a review to ensure optimum design, and superior quality

control methods.

3.3.4.2.6 Main Engine Fuel Control Actuation — A different hydraulic system is used to
supply power to each main engine fuel control. Therefore, any single failure in a main
engine fuel control hydraulic subsystem will not cause loss of more than one hydraulic
system. A main engine hydraulic system isolation valve is installed in each hydraulic
system and is used to shut off fluid flow and pressure to the main engine fuel control and
SSME TVC actuation subsystems after ascent is completed. The existing main engine
fuel control actuation architecture is acceptable for use on the operational Space Shuttle
Orbiter.

3.3.4.2..7 Body Flap Hydraulic Actuation — The three redundant hydraulic systems are
completely separated in the existing body flap hydraulic operating subsystem design. No
single failure can cause loss of more than one hydraulic system. The only single failure
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points in the body flap hydraulic actuation system are a hydraulic brake failure or a valve
jam. Except for these items which are discussed in Paragraphs 3.3.3.1 and 3.3.3.10, the
body flap architecture is acceptable as designed for use on the operational Space Shuttle
Orbiter.

3.3.4.2.8 Rudder/Speed Brake Hydraulic Actuation — Single failure point external
leaks downstream of the switching valves in the existing rudder/speed brake hydraulic
power drive unit can cause loss of all three hydraulic systems, which results in loss of the
Orbiter.

The existing design of the rudder/speed brake hydraulic operating system (Figure

3-26) incorporates dual hydraulic switching valves. These valves automatically select

one of the two remaining redundant hydraulic systems, one after another, after failure of
the primary system. The selected system supplies power to both the rudder four-
channel servo system and the speed brake four-channel servo system. The hydraulic
portion of each channel of each servo system consists of three hydraulic components: (1)
a servo valve, (2) a pressure transducer, and (3) a solenoid-operated bypass valve.
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FIGURE 3-26 EXISTING RUDDER SPEED BRAKE DESIGN

If a single failure point external leak occurs downstream of the switching valves in any of
the eight hydraulic servo channels (which contain 24 critical components), all three
hydraulic systems may be lost, with subsequent loss of the Orbiter. Each critical compo-
nent has numerous inherent single failure points which may result in failure of the
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“hydraulic power drive unit as a pressure vessel. These points may be seal failures, frac-
tured housings, or a bolt failure. The seal single failure points have been eliminated by
incorporation of redundant seals or seal barriers except as noted in Paragraph 3.3.3.
The problems of fractured housings and screw failures have not been adequately ad-
dressed. The R/SB PDU consists of individual components screwed together on a
manifold that incorporates numerous drilled passages. Commercial aircraft service
records show that similar component housings and manifolds have been subject to frac-
ture failures and that screw failures have occurred as a result of overtorqued, undertor-
qued, or fractured screws. External leakage has also developed as a result of failure to
lockwire and subsequent vibration which loosened the screws.

As an alternate design, Rockwell proposed a tandem rudder/speed brake hydraulic
power drive unit (Figure 3-27) which eliminated all the single failure points as a
pressure vessel in the four-channel servos. This design eliminated one switching valve
but incorporated an additional four-channel servo system. The avionics impact was
large because this approach doubled the wiring and the aerosurface servo amplifier
(ASA) hardware for the rudder/speed brake actuation system. The quiescent flow was
increased. The size, weight, and cost of the hydraulic PDU was increased.
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FIGURE 3-27. ROCKWELL PROPOSED SPEED BRAKE DESIGN

McDonnell Douglas Corporation proposes a design (Figure 3-28) that eliminates all
the single failure points as a pressure vessel in the rudder/speed brake hydraulic power
drive unit. The 24 components in the two four-channel servos will no longer be Criticality
Category 1 items. This design eliminates the two existing large switching vaives. The
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hydraulic systems are rerouted in the hydraulic power drive unit so that a different
hydraulic system supplies power to each channel of the rudder four-.channel servo and
the speed brake four-channel servo. Hydraulic System 1 supplies power to Channel 1;
Hydraulic System 2 supplies power to Channel 2; and Hydraulic System 3 supplies
power to Channel 3. A small 0.5-gpm switching valve is added to the power supply for
Channel 4. Normally, Hydraulic System 1 supplies power to Channel 4, but if a failure of
Hydraulic System 1 power occurs, Hydraulic System 2 supplies power to Channel 4. This
_ switching valve is provided to preserve the existing fail operative/fail operative/fail safe
design of the four-channel servos. With any one electrical failure, the servos will have
three channels still operative for voting.

The pressure differences among the three hydraulic systems supplying the different
channels is small except for transient pressures. The existing electronic circuitry is
tolerant of these differences as it contains a time-delay provision.

The existing solenoid-operated bypass valves incorporated in each channel of the four-
channel servo must be revised so that they bypass at 0 psi and when energized. Rip-stop
construction must be incorporated to prevent crack propagation from causing loss of
more than two hydraulic systems (and preferably only one) with any one failure.

With this proposed design, there is no change in the avionics, no change in the electronic
circuitry, and no change in the ASA hardware. The resulting hydraulic power drive unit
is smaller than the existing unit because two large switching valves are replaced by one
small switching valve.
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Incorporation of the proposed hydraulic power drive unit results in total weight savings
of about 20 pounds. A rough-order-of-magnitude cost estimate based on a similar com-
mercial aircraft change and updated to current prices is $2 million, including four ship
sets and one for the FCHL. The impact on the schedule would be about 15 months.

It is also recommended that the rudder/speed brake gear ratio be reevaluated and, if it
proves to be greater than required, it be revised to provide only the required design
hinge moment. If the gear ratio can be reduced, the structural load requirements will be
reduced and the hydraulic flow required for a given rudder rate will be reduced. This
would result in an increased available rudder surface rate for combined flight control
surface operation during both normal and single hydraulic system operation.

3.3.4.2.9 Elevon Actuation — The possible single failure points downstream of the
switching valves in each elevon actuator package which can cause loss of all three
hydraulic systems and result in loss of the Orbiter are too numerous to identify and avoid
by overdesign and superior inspection procedures. There are four single type actuator
packages, each of which drives one elevon surface. Each existing elevon actuator
package (Figure 3-29) incorporates a four-channel servo which has 12 critical com-
ponents, four dynamic feedback sensors, a switching valve manifold, a power valve
manifold, and an actuator. This results in 19 critical components in each elevon actuator
package, for a total of 76 critical components in the elevon actuation system, all of which
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have multiple inherent single failure points as a pressure vessel. If external leakage
greater than 0.1 gpm develops in any of these 76 critical components, the three hydraulic
systems may be lost, with subsequent loss of the Orbiter. The single failure points may
be seal failures, fractured housings, or bolt failures. Seal single failure points have been
adequately treated by incorporation of redundant seals and seal barriers. However, the
problems of fractured housings and screw failures have not been properly addressed.
Aircraft service records indicate that both of these problems exist on similar type ac-
tuator packages used on aircraft now in service. Since transport aircraft designs
incorporate greater redundancy, such as redundant control surfaces as well as tandem
actuators, the fractured housings and bolt failures that have occurred have not been
catastrophic, but similar type failures on the Orbiter elevon actuator packages would be.

Each elevon actuator package incorporates two switching valves which automatically
select one system after another after failure of the primary system for elevon power sup-
ply. This fact, in addition to_the numerous single failure points which exist downstream
of the switching valves, limits the redundancy and reliability that can be achieved with
the existing Orbiter elevon actuation system.

All the elevon actuator packages must be operable to ensure safe flight and landing.
Each is therefore a Criticality Category 1 hazard item in two ways: (1) it is a pressure
vessel whose failure downstream of the switching valves will cause loss of all three
hydraulic systems and subsequent loss of the Orbiter, and (2) it is a structural member
the failure of which wil cause loss of control of that surface, and under adverse
conditions, the subsequent loss of the Orbiter.

With the existing elevon actuation system and normal two or three hydraulic system
operation, the flow available for combined flight control surface response during normal
combined control demands is marginal during approach and landing under adverse con-
ditions. This condition exists because the actuators are sized to deliver 100 percent

design hinge moment. Different hydraulic systems supply each actuator to distribute the -

horsepower requirements among the systems and not overload any one system.
However, this distribution increases the total flow requirement when roll control is
superimposed on pitch control. There is a flow deficiency for single system operation
during approach and landing and it is doubtful if a successful landing could be made with
only one system operable. This situation will be explained and discussed in greater detail
in the comparison of the recommended actuator design with the existing design.

An analysis based on commercial aircraft service records indicates the existing elevon
actuation system is vulnerable to failure during its 10-year operational life. The average
fligcht time for domestic aircraft is about the same as the Orbiter flight time; however,
commercial aircraft do not have on-orbit time. Although the hydraulic systems are
riessurized to only 60 psi and 300 psi during on-orbit time, this time will include 7 to 30
“:2~ of evelie operation for thermal conditioning of the hydraulie fluid.
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It must be recognized that there is little experience or data from which a failure rate
probability can be established for the environments that will be encountered during on-
orbit time. Nevertheless, on-orbit time becomes a factor in producing possible
catastrophic failures with the existence of single failure points within a system.

Extrapolating from our DC-10 flight control actuator package service records (3,000,000
flight hours), there is a low probability of achieving no failures using the single actuator
and switching valve concept presently baselined, even with a fortress type program
incorporated. Therefore, it is recommended that tandem elevon actuator packages
incorporating a fortress program consisting of rip-stop construction, fracture control
plan or a dual load path, optimum design, and superior quality control methods be in-
corporated in the operational Space Shuttle Orbiter.

Rockwell proposed a tandem elevon actuator package design (Figure 3-30) that
eliminated all the single failure points as a pressure vessel in the actuator packages.
Although the material available does not specify rip-stop construction, it is assumed that
the Rockwell design incorporated this feature as it is the only obvious method whereby
all the single failure points could be eliminated in the proposed design.
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FIGURE 3-30. ROCKWELL PROPOSED TANDEM ELEVON ACTUATOR

Each half of the actuator produces 100 percent design hinge moment. Since the structure
is designed for only 100 percent load, Rockwell added 2 linked shutoff and bypass valves
with a position indicator that controls pressure supply to the tandem actuator so that
only half the cylinder is operating at any time. This avoided the need for increasing the
structural strength but decreases the reliability of the tandem actuator.
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A four-channel servo was added for each elevon package, which has a large avionics
impact. The electronic circuitry and ASA hardware were doubled for the elevon
actuation system. There was a 7.5 percent increase in hydraulic power required. The
actuator length increased and wing structure modifications and new actuator support
fittings were required. The cost, weight, and schedule impact was large.

McDonnell Douglas Corporation (MDC) proposes tandem actuator packages
(Figure 3-31) which eliminate all the single failure points as a pressure vessel in the
elevon actuator packages. The 76 components will no longer be Criticality Category 1
items. The proposed actuator packages incorporate rip-stop construction to prevent

fracture propagation that might cause the loss of more than two (preferably only one)

hydraulic system. Additional soft seals can be avoided by using a special sandwich-type
construction employing brazing.
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ACTUATOR .

The hydraulic systems are rerouted in the actuator packages so that separate power is
supplied to each channel of the four-channel servo. Hydraulic System 1 supplies power to
Channel 1; Hydraulic System 2 supplies power to Channel 2; and Hydraulic System 3
supplies power to Channel 3. Channel 4 derives its power downstream of one of the
switching valves so that Hydraulic System 3 is primary and Hydraulic System 2 serves
asa stanfiby source of power. This arrangement preserves the existing design criteria
for the servo which is fail-operative/fail-operative/fail-safe; i.e., with any single
electrical failure, three channels remain oprative for voting. This is the same approach
used on the proposed rudder/speed bruke hydraulic power drive unit redesign.
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The pressure differences between the hydraulic systems supplying the channels are
small except for transient pressures. The existing electronic circuitry is tolerant of these
differences. The solenoid-operated bypass valve in each channel must be revised to
bypass at 0 psi and when energized. This revision is minor.

Each half of the proposed tandem actuator produces approximately 50 percent design
hinge moment. The normal actuator output is 100 percent design hinge moment with any
two hydraulic systems operative, as both halves of the actuator normally are

pressurized.

With this arrangement, improved surfaces rates are available for normal operation. The
system supply can be such that additional flow is not required when roll control is

superimposed on pitch control.

With the existing systems arrangement (Figure 3-32), Hydraulic System 2 is the
primary supply for the left inboard elevon (LIE) and the right outboard elevon (ROE).
For a 20 deg/sec pitch control command, 30.1 gpm is required for the LIE and 14.8 gpm
for the ROE, for a total of 44.9 gpm. For a superimposed 20 deg/sec roll control com-
mand, a +30.1 gpm is required for the LIE and a —14.8 gpm for the ROE; i.e., it does
not travel as far as it would have to for pitch control alone. Therefore, the total flow
required for superimposed roll control command is 15.3 gpm. Thus, when added to the
44.9 gpm required for pitch control, it amounts to 60.2 gpm per system (Figure 3-32).
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With system leakage and any required directional control, the pump capacity of approx-
imately 68 gpm is exceeded. As the surface rates used in these calculations are normally
of the same magnitude as those used in design, the existing systems are marginal in
horsepower delivery, particularly during approach and landing under adverse

conditions.

The same system is not primary on both inboard elevons in the existing design because
then the pump flow delivery would be marginal for pitch control alone.

With the MDC-proposed tandem elevon actuator packages (Figure 3-32), System 1
can be made primary on half the tandem on all elevon actuator packages and System 3
can be made primary for the other half without exceeding pump flow delivery. This
results from the fact that each half of the tandem produces only about 50 percent hinge
moment and therefore needs only half the flow required by the single actuator to pro-
duce the same elevon surface rate.

For a 20 deg/sec pitch control command, a total of 44.4 gpm is required (7.2 gpm LOE,
15.0 gpm LIE, 15.0 gpm RIE, and 7.2 gpm ROE). A slight reduction in flow was obtained
by rerouting separate systems to each channel of the four-channel serevo, and that is the
reason flow requirements are slightly less than half of those required by the existing
single actuators.

Now, when a roll command of 20 deg/sec is superimposed on pitch command, an addi-
tional 7.2 gpm and 15.0 gpm are required for the left elevons, but the right elevons do
not have to move as far as they would have for pitch command alone, and a negative re-
quirement of 15.0 gpm and 7.2 gpm results. Therefore, no additional flow is required for

roll command superimposed on pitch command with the proposed arrangement.

The total flow required is 44.4 gpm per system as compared with 60.2 gpm per system

with the existing arrangement. This is a 25 percent reduction in the required flow for
combined surface commands. More importantly, the 44.4 gpm per system required by
the proposed tandem actuator packages, when combined with system leakage and direc-
tional control requirements, does not exceed the existing pump delivery capacity. In
addition, surface rates only slightly subnormal are obtained for single system operation
during approach and landing.

If either System 1 or 3 is the only remaining operative system, automatically only half
the tandem actuators are operative. For the case of System 2 being the only operative
system, a small solenoid-operated shutoff valve is installed in each actuator package. Im-
mediately before approach and landing, these valves are shut off, which inactivates half
of each tandém actuator package. Therefore, when only one system is operative, the
same flow is required for surface response as for normal operation. However, the hinge
moment is only about 50 percent of that which is normally available. Since ¢ is reduced at
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the slower speeds encountered during approach and landing, the loads are reduced. The
hinge moment available with only half the tandem actuator operative is adequate for

landing.

A comparison of surface rate capabilities (Figure 3-33) shows that with one hydraulic
system operating, the surface rates available with the proposed system are increased
more than 100 percent over those available with the baseline system. With two hydraulic
systems operating the surface rates available with the proposed system are increased
appreciably over those available with the baseline system, particularly for combined sur-

face qommands.
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The MDC-proposed elevon tandem actuator packages (Figure 3-34) can be fit into the
same envelopes as the existing single actuator packages. The same pin center lengths
have been retained by use of an internal tail rod. The identical normal operating loads
have been produced by balancing the actuator areas. The actuator is made smaller in
diameter so that only 50 percent design hinge moment is produced by each half. Thus,
the existing wing structure and support fittings can be used without change. The four-
channel servo has been retained so that no change is required in the electronic circuitry

or ASA hardware.

The proposed tandem actuator package retains two switching valves and a control valve.
AnotheY control valve and a small solenoid-operated shutoff valve have been added. It is
recommended that a combination of a fracture control plan for part of the actuator and a
dual load path for the remainder be incorporated.
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FIGURE 3-34. MCDONNELL DOUGLAS PROPOSED TANDEM ELEVON ACTUATOR

The weight change with incorporation of the proposed tandem elevon actuator packages
is estimated to be less than 100 pounds total for the Orbiter. Some of this weight may be
saved by incorporating a fuel management system, since Systems 1 and 3 become
primary and System 2 becomes a standby system with the proposed arrangement.
Therefore, the hydrazine fuel carried to power hydraulic System 2 could be reduced, and
transfer valves used to transfer fuel from System 1 and System 3 if a failure in either of
those systems occurs.

The cost of implementing the change in the tandem actuators should be about equivalent
to that which was incurred in changing from Hydraulic Research elevon hardware to
Moog hardware. A rough-order-of-magnitude cost based on a similar change made on a
commercial aircraft and updated to current prices is $5 million, which includes four
shipsets of hardware, one set for the flight control hydraulic laboratory and hardware
for qualification testing. The schedule impact is about 15 months.

The total weight increase is 80 pounds for incorporating the MDC revisions on the rud-
der/speed brake hydraulic power drive unit and the tandem elevon actuator packages as
compared with the total weight increase of 985 pounds for incorporating Rockwell’s pro-
posed revisions. The weight increase of Rockwell’s revisions was greater because of an
- increase in weight in the wing structure and avionics required by its proposal, whereas
there are no changes in these areas required for our proposal. In addition, both of
Rockwell's proposed actuating packages weigh more than our actuating packages
because they are larger and more complex.

A functional comparison of the existing single elevon actuator packages with the MDC-
proposed tandem elevon actuator packages is presented in Figure 3-35.
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EXISTING MDC PROPOSED

SINGLE TANDEM
2 ACTUATOR PACKAGE ACTUATOR PACKAGE
o RIP STOP CONSTRUCTION NO YES
e SINGLE FAILURES DOWNSTREAM LOSE ORBITER 1/2 HINGE MOMENT AVAILABLE
OF SWITCHING VALVES LOSE 3 HYDRAULIC NORMAL LANDING
SYSTEMS. (WILL NOT LOSE BOTH SYSTEMS 1 AND 3

WITH ANY SINGLE FAILURE)

@ SINGLE HYDRAULIC FAILURE LOSE ORBITER FAIL OPERATIONAL

IN 4 CHANNEL SERVO LOSE 3 HYDRAULIC . NORMAL LANDING
SYSTEMS.
o ALL SYSTEM OPERATIVE COMBINED COMMANDED COMBINED COMMANDED
SURFACE RATES MARGINAL, SURFACE RATES AVAILABLE
THEREFORE PRIORITY RATE WITHOUT PRIORITY RATE LIMITING

LIMITING WAS USED. (NOT
SUCCESSFUL ON ALT 101).

e FAIL ONE SYSTEM UPSTREAM FAIL OPERATIONAL FAIL OPERATIONAL
OF SWITCHING VALVES .
e FAIL SYSTEMS 1 AND 3 UPSTREAM MAY LOSE ORBITER, SINGLE FAIL OPERATIONAL
OF SWITCHING VALVES SYSTEM FLOW AND SURFACE NORMAL LANDING
- RATE DEFICIENT AT LANDING
o FALIL SYSTEMS 1 AND 2 UPSTREAM MAY LOSE ORBITER, SINGLE 1/2 HINGE MOMENT AVAILABLE
OF SWITCHING VALVES SYSTEM FLOW AND SURFACE NORMAL LANDING
RATE DEFICIENT AT LANDING
e FAIL SYSTEMS 2 AND 3 UPSTREAM MAY LOSE ORBITER, SINGLE 1/2 HINGE MOMENT AVAILABLE
OF SWITCHING VALVES SYSTEM FLOW AND SURFACE NORMAL LANDING

RATE DEFICIENT AT LANDING

FIGURE 3-35. FUNCTIONAL COMPARISON OF ELEVON ACTUATORS

3.3.4.2.10 Comments on Space Shuttle Hydraulic Servocontrol Actuator Single-Load-
Path, Single-Cylinder Arrangements — MDC has accumulated 3 million hours of flight
time reliability data on DC-10 servocontrol packages which approximate those used in
the Space Shuttle. These data were reviewed and the failures analyzed and then applied
to the Space Shuttle hardware to arrive at some probability of failures for various
_ actuator arrangements. The results are given in Table 3-2 and graphically presented in
Figure 3-36. The effects of extended periods of time in space have not been included;
thus, the results give but gross relative comparisons. The results do show the distinct
advantage of the dual-load-path arrangment when compared to the single- load-path
design. All flight control and TVC actuators on the Space Shuttle are single-load-path,
single-cylinder arrangements.

Arrangement No. 12 is for the Orbiter elevon actuator as it is presently configui‘ed.
Applying a fracture control plan to the hardware removes five of the original 24 critical
failure paths used to develop the probability of failure of 5.1 x 10-6 obtained by applying
Douglas Aircraft flight reliability data. Thus, arrangement No. 11 with a probability of
failure of 4 x 106 for 19 critical failure paths was not greatly improved. By repiping the
servocontrol channels to eliminate the loss of all hydraulic supplies in the event of a
fractured housing in any one of the servo channels reduces the probability of failure rate
to 1.7 x 106 (arrangement No. 8). Because the actuator is assembled with the use of
many screws, numerous chances of a failure still exist. A large improvement is apparent
with the use of a single-load-path tandem actuator (arrangement No. 6).
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FIGURE 3-36. PROBABILITY COMPARISON FOR VARIOUS ACTUATOR ARRANGEMENTS

The actuator reliability is greatly improved when the loadpath as well as the cylinder
becomes dual, as shown in arrangement No. 3. Commercial flight control hydraulic
servoactuators in most cases comply with arrangement No. 3 or 4. They use redundant
control surfaces which are driven by a tandem-cylinder, single-loadpath actuator driving
each individual surface. The MDC-proposed tandem actuator (arrangement No. 5) has a
dual loadpath through portions of its design. A dual loadpath throughout could also be
provided, but at the expense of additional weight. Its probability of failure would then be
the same as arrangement No. 3. :

The SSME-TVC and SRB-TVC actuators (arrangements 14 and 18, respectively)
without the fracture control plan applied show a lower probability of failure than the
elevon actuator.. This is due to the fact that they are in operation a shorter period of
time, and a larger leakage rate can be accommodated by this hardware. For these
reasons, applying a fracture control plan to the hardware shows a greater improvement.

The rudder/speed brake hydraulic module (arrangement No. 16) as it now exists has a
lower probability of failure than the elevon actuator even though they operate over the
same time interval. This is because some of the failure modes associated with the
actuator, such as a single cylinder and loadpath, are not found in the rudder/speed
brake. Incorporating the changes in the rudder/speed brake design as recommended by
MDC will provide the redundancy required to greatly decrease its probability of failure
{arrangement No. 15).
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The Air Force line of acceptability (Figure 3-36) is based on the analysis of complete
flight control systems. The rest of the points in the figure are for individual modules.
The probability of failure of the modules must be considerably below the Air Force line
of acceptability to allow a system to be acceptable.

These data are presented to show relative merits between modules of various
configurations and to help one judge the advantages of one arrangement over another.

3.3.4.2.11 Orbiter Architecture Assessment Summary — It is recommended that a
Fortress program be implemented for the SSME TVC actuator packages, that the MDC-
proposed redesign of the rudder/speed brake hydraulic power drive unit and the MDC-
proposed tandem elevon actuator packages be incorporated in the Space Shuttle Orbiter

as soon as possible.

These recommended revisions will result in eliminating 100 components from being
Criticality Category 1items and will increase the combined control surface rates that are
available during the critical approach and landing phase of flight to make them conform
with normal design practice.

3.3.4.3 Calculations — The following calculations are used to analyze the Space
Shuttle hydraulic system architecture.

3.3.4.3.1 SRB Horsepower Requirements (Normal Operation) — The SRB TVC
hydraulic actuator systems are designed to deliver sufficient horsepower to produce a
minimum gimbal rate of 5 deg/sec under rated load. With loss of one hydraulic system,
the remaining system increases its horsepower delivery. Assuming the actuator cylinder
and rod diameters have been correctly chosen, the actuator flow required to produce a 5-

deg/sec gimbal rate is calculated as follows:
L o

A= AL - Ap
where
. ) +0.001 . .3
Actual Cylinder Diameter, D, = 7.312 ~0.000 Area, Ao = 41.991 in.

+0.000

, = 9.605 in.?
~0.001 AT A

Rod Diameter, Dy = 3.497

Net Cylinder Area, A = 32.386 in.2

Piston travel rate, )'(p = 6.34 ips for 5 degrees per second gimbal rate.

-
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The cylinder rated flow, Q, is

- ?
Q. = xpr

Q, = 6.34x32.386 = 205.333 cis = 53.333 gpm
The actuator package specified maximum leakage Q; = 3 gpm.

Then the actuator rated flow, Q, is

Q, =Q +Q, =53.333+3 = 56.333 gpm

At rated flow, Q,, the pressure drop, APy, through the piping network (filter, fittings,

hoses, and manifold) is 34 psi at 120°F. Reservoir pressure Py is 60 psi.

In order to achieve the desired rate of 5 degrees per second, i.e., an actuator stroke of
6.34 ips, under rated load, the pressure drop through the actuator package AP,, at
rated flow with the control valve wide open must not exceed the value calculated below.

The pressure required for rated load (APy,) is

M 4.2 x 108
P = = = 1956 psi
AP T Txa T 6633x3238 pst

The allowable pressure drop through the actuator package at rated flow (AP,,) is

APy, < Py —[Ppy +Py +Pp]

AP,, < 3000 — [1956 +34 +60] = 960 psi
where:
APRL = Pressure required‘ for rated load (psi)
i
M = Rated torque load = 4.2 x 106 in. Ib
L = Moment arm = 66.3 in.
A = Cylinder net area = 32.386 in.2
PAA = Allowable pressure drop through actuator package at rated flow (psi)

APy = Pressure drop through flow network at rated flow = 34 psi
P = Reservoir pressure = 60 psi

P = System pressure = 3000 psi
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With 3000 psi inlet pressure to the actuator package, a load equivalent to 1960 psi in the
actuator, and the control valve fully open, the piston rod travels at 8.5 in./sec. This
information was verified by test at Moog and verbally confirmed by Moog.

The test flow (Qq) was

(%p JAXB)
Q= T ¢
QT - (8.5)(32.38)(60) = 71.488 gpm

231
The pressure drop through the actuator at the test flow (APy) was

AP, = P, — AP, = 3000 — 1960

AP, = 1040 psi b
where:
QT = Test flow (gpm)
)'(T = Test piston travel rate = 8.5 in./sec
A = Cylinder net area = 32.386 in.2
B = 60 sec/minute
C = 231in.3/gallon
AP, = Pressure-drop through actuator at test flow, psi
P = Actuator inlet pressure = 3000 psi

At rated flow the pressure drop across the actuator package with the control valve fully
open using the above test data (AP,) is

, )
AP = Q" x Pr (56.333)? x (1040)
A Q,? (71.488)?

AP, = 645.79 psi

where

AP Calculated pressure drop through the actuator package using above test data (psi)
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The pressure drop through the actuator package is within the desired limit, <960 psi, as
- calculated in the preceding equation. Therefore, a gimbal rate of 5 deg/sec is available.
In fact, it will exceed 5 deg/sec if not limited by the software.

3.3.4.3.2 SRB Standby Power (118 Percent Overspeed) — With the failure of one
hydraulic system, a gimbal rate of 3 deg/sec under rated load is specified. Therefore, the
hydraulic pump must deliver sufficient flow for operation of the two actuators as.follows:

[Qc x3
Flow Required = 2 5 +Q,
53.33x 3
=2 ""‘—'5—— +3] = 70 gpm
where
Q. = Cylinder rated flow, gpm
QL = Actuator package leakage, gpm

With the APU operating at 113 percent times rated speed minus 8 percent of 100
percent, which corresponds to pump operation at 113 percent rated speed minus 8
percent of 100 percent rated speed, the pump delivers

o = LL19E) - 008)Pgo)] Py xPyg)
P MmN 231

[(1.13)(3804) — (0.08)(3804)] (4.3 x 0.9363)
231

_ (3994)(4.3)(0.9363)

231
= 69.62 gpm ~
where
Ppg = Pump rated speed (100 percent), rpm
P, = Pump displacement/rev (cu in.)
Pyp = Pump volumetric efficiency, percent (pump specification requires 66.3 gpm delivery at »

3804 rpm, which is 93.63 percent)
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The gimbal rate under the above conditions is

P
MIN
2T 3
. 2
Gimbul rate = §
QC
(69.62 |
.T. _ 3
= 5
| 5233 |

2.9% deg/fsec

where:
3 QPMIN = Minimum pump delivery (gpm)
Q = Cylinder rated flow (gpm)

(9

The gimbal rate is marginal under adverse conditions, but essentially satisfies the 3
deg/sec requirement. This calculation has assumed that an overspeed of 113 percent,
identical to the Orbiter overspeed, is incorporated in the SRB.

3.3.4.3.3 SRB Standby Power (No Overspeed) — If the horsepower delivery problem
were approached as for an aircraft application, every effort would be made to design the
systems so that with the loss of one hydraulic system, the remaining system would not
be required to increase its horsepower delivery, and would thereby eliminate the need
for an APU overspeed operation.

When standby power is required, the single hydraulic pump in the remaining operative
- system at its normal flow delivery (103 percent rpm normal Orbiter hydraulic pump
output) prov:des the specified 3 deg/sec gimbal rate emergency operation requu‘ement
without requiring APU overspeed operation.

The nominal gimbal rate (GR.,,,,) is calculated as follows:

NOM

-

(PP, )(Py,)
GRyom =3 2CQ_ -
i ‘
T [3918)14.3)0.9363)
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GRNOM

where

GRNOM

= 2.99 deg/sec

= Nominal gimbal rate, deg/sec

Nominal pump speed, 103 percent rated rpm

Pump displacement/rev, cu in./rev

Pump volumetric efficiency, percent (see Paragraph 3.3.4.3.2)
Nominal actuator package leakage, gpm

231 cu in./galion

Cylinder rated flow (gpm) (see Paragraph 3.3.4.3.1)

With the loss of one hydraulic system and an accumulation of adverse tolerances in the
remaining operative hydraulic system, the available maximum gimbal rate is
2.67 deg/sec, as calculated below.

GRADV

GRADV

G RADV

where:

GRADV

[(Py — 0.08 P )P X(Pyp)

_QL
s 2C
i Q,
(3918 — 304)(4.3)(0.9363) 3
s (2) (231) B
L 53.33

v
2.67 deg/sec

Gimbal rate with adverse tolerances, deg/sec
Nominal pump speed (103 percent rated), rpm
Pump rated speed (100 percent) rpm

Pump displacement/revolution, cu in./rev

Pump volumetric efficiency, percent

Actuator package maximum leakage (gpm)

231 cu in./gallon

Cylinder rated flow (gpm) (see Paragraph 3.3.4.3.1)
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3.4 CONCLUSIONS AND CORRECTIVE CONCEPTS o

A product of this assessment is a listing of the single failure points described for NASA
in our final presentation and material (see the Summary section of Appendix B). In addi-
tion, each section of this report expands on the background data describing each single
failure point. Where possible, recommended changes are provided. In some cases, cor-
rective action has already been initiated (see Table 3-3).

TABLE 3-3
SFP ITEMS IDENTIFIED

Total ‘ Closed* Open
Booster | 234 180 64
Orbiter 41 316 225

Total 705 496 289 .

*Closed — Additional Tests Indicated OK
— Corrective Action Taken

Summary and recommendations sections for both the Solid Rocket Booster and the
Orbiter hydraulic systems are contained in the Systems Architecture Assessment por-
tion of this report.

It is recognized that some of the hydraulic equipment was designed to satisfy flight per-
formance requirements stated in specification control documents. This assessment team
has taken exception to some of these requirements as being insufficiently definitive;
e.g., “SSME TVC subsystem ascent mode. Safe abort capability shall be provided with

the loss of one hydraulic subsystem.” No reference is made to a single failure point in the -
servo actuator which can lose two hydraulic systems at the SSME TVC. This condition

could result in questionable abort and landing capability.

In addition to having numerous single failure points, the elevon system appears to pro-
vide inadequate control surface rates during approach and landing. This condition exists
with all three systems operative and becomes worse with two systems inoperative. An -
alternative configuration for the elevon actuation system has been proposed which can
eliminate these deficiencies.

Appendix A provides a summary listing of problems discussed in the text of this report.

It is the list provided with the final presentation at NASA-Headquarters at Washington, (‘)
D.C., updated to include a few items which were omitted at that time. e
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APPENDIX A

SUMMARY LIST OF PROBLEMS

NOTE:

ITEMS ADDED OR REVISED SINCE FINAL
PRESENTATION ON JULY 11, 1978 ARE
PRECEDED BY AN ASTERISK*.

81




(J33dSH3AO0 HOA

1AN3IWN3IHIND3Y 313130 € N3dO a33d4SHINO NdVY A
a3aqav 38 oL JHNTIVvA
S1 VIS HIIHY VA L 'ON 1Vv3S 3ATVYA
SILVIIAONI VYSVN VIS HIAIHHVYE JAIAOHJ 4 N340 4317134 AvO1 LN3IISNVYL il
JFOVid ONIDIVL ONIHdS SYI8
S NDIS3Ia3uH ONIHJS Svig 40 Iv8Q334 HO3WN NOI LISOd
SALVIIANI VSVYN ONIDVD JAILISOd 3AIAOHA 8 N340 HOLVNL1OVY DAL 40 SSO1 [4 S
L1Z'C "ON 33S LL b
NOILVII4IHIA TOHLINOD
3781SS0d SV NOOS SY LN3IW3ITdNI 8i N340 3HNLOVH4 SA33N HO1VNLOV DAL OLl'L.
ANVIO ONIIDVd
HI071 JAILISOd 3AQIAOHd 8 N340 HOLVNLOV DAL 40 SSOT 6’1
TIV3S HIIHHVYE
3AIAOHd HO L3N
AV SIATVAMNIIHD QaVv | 4 N340 € 'ON V3S
‘WILSASIITNVHOAH V v N3dO Z 'ON1v3S
40 SSO7T H1LIM A3NIBINOD
N3IHM NOILIGNOD NI LIYD ATH3dOHd NOILONND OL .
V NI SLINS3Y SIHL 310N IATVA ONIHOLIMS DAL 40 NIV 8.
UMV .
IV3IS H3IHYVE aav 14 N3IdO IV3IS NOLSId HOLVNLOV DAL Lle
ONIWWVT
HO4 3DNVHO 30NnAa3d -
04 SN33HOS L3INI aav 4 NIdO JAL — G3INNVF IATVA IO 9l
ONINWNVF
HO4 3DNVHD 30NA3Y OAL — QINNVT
O41 SN3I3HOIS L3TIN! Qav | 4 N3dO FATIVA H3IMOJ Sl
ONIWWYT
HO4 3DNVYHO 30NA3Y AL —
' OL SN334HIOS LIINI Qav 1 4 N340 QIWWVYT IATVA ONIHOLIMS vl
S3INHNS ANV
S1S3d 3VddI" dWNd WOH
3ddiH dANd WHO3H 3d $-04S N3O IHNTIVH ISOH ANV ONIdId £l
T3INVd NI ONILVYLIOH
WOYH4 IATVA 440LNHS T3INVd
d33N 01 MO0 3AIAOYHL 8-04S N3dO JO3INNODISIA IDIAHIS 8HS Tl
JATVA
431734 dVONN "1dH3A0 G3ddVO 3ATVA 43473Y — L
HOJ ONINHYM GT0H HONNVT v-04S N3O ONITTHHAHIAO HIOAY3SIY 8HS (9
SININO4IWNOD 8HS ol
ALIAILD3443 ISNOJS3H SHHVYWN3H S.d4S8 SNLVIS W3l ‘ON

40 ALD

43150049
AHVINWNS d48

82

'
b




HOLOW 8S/4 OL S3aNIT 134

L4VHS LNd1NO 01 XvE8-ON aav zl N3dO ' ANV SS3Hd HAQAH 40 34dN1dNY 19 4 !
WSINVHI3W
IHNVHE LINVANNG3Y 3AIAOHd 9 N3dO 440 34NT1IVd 3Xvya 8s/y [AN4
3OV71d ONINVL
SI NDIS3a3d 1S31 30404 ONILVYHVd43S
S31VIIANI VSVYN 3ZIWINIW Ol 30Vvd4HNS 3A3I113Y 91 N3dO STV3S NOINN QTO04INVIN 8S/4H LL'Ce
. SHOLVYNLOV
OAL ‘NOA313 — NOILN3L3Y
5007 3AILISOd 3AIAOHd (474 N3dO QZ<|_0\@ZE<wm aoH NO1SId [+ ] A% 9
’ dv14 AQO8 W
S3IATVYA 400HdAVT '8S/H 'NOAI13 "OAL-INSS
ANV SN33HOS 137INI Aayv 61 N340 GIWNVT IATVA HIMOd 6T
SdVvO
ANV SONTd 3HIMID0T 'd
SISATVYNY IINVHIT0L
3JOVWVA WHOd4H3d D HILINIT MOTd ANV ATVA
SIv3S 0l Y3iddve Qav '8 ONIHIOLIMS N33ML38 TOJINVIN
SONTd 3371 dNAHIOVE 'V ANV N3dO TOHLINQOD INVHE WOHJ SHVIT 8°Ca
LNYLSHDOOHS .
40 30iS ddVYMHOd 3DVHNV3IHE ONIdid ONV
Ol Hivd 3NO 31vJ0713Y 2-04s N3dO S3SOH 3IXNVHE 133HM H3118HO Le
W3ILSAS )
HIONVHIX3 1¥3H HOv3 1S3l ANVIN N3d0 NTINVHAAR OLNI 39VHV I NO3Hd 9T «©
S30v4HNS
1OH NO QiNTd 40 IN3W
“JONIdNT LO3H1Q LNIA3HL OL 1SNVYHX3 NdV 1OH
N3I3HOS G3LNTOANOD 3AIAOHd € N3dO NO 3DVHV3T AINTd INMNVYHAAH ST
SAT3IHS
INIT INHZVHAAH IAOHANI "D
SONILLlt4 38N1 3HIMM00T '8
NINS 39v13Snd 40 NOILVTINSNI
S30V4HNS ONIAV TV3S ANV 3INIT INIZVHAAH ONV Sdi NO
SJWNS 3DVXVIT 3AIAOHd 'V ANVIN N3dO $133443 39VXVIT AINT4 DITNVHAAH v,
SIN3W3IYINI HITTVAS SONILLIY . L.,
Z_. 3Z1S 3NIT NMOQ d31S ANV N3dO 1V NOILONA3IY 321S INIT LdNHEV £C
SLINIT H1ONIHIS
TV3S L4YHS HO 3SVI dANd
d333X3 AVIW S3DHNS 3NIT NIVHQ
- viva 1S31 TVvNOILIgaVv g33N € N3d4O 3ISVI dWNd DITNVHAAH H3Li8HO0 T
Q31d41AN3Q) AT31L37dWO00D LON 37ddIY
Vviva 1S31 IVNOILIQdVY Q33N € N340 S$S3Hd dWNd JINMNVHGAH H311840 1z
SLIN3INOJWOD H3118HO 0T
AlIAILD3443 ISNOd4S3H SHUVIIY S.d4S SNLViS W3l ‘ON,
40 A1D
4311940
AHVINNAS d4S



SHIIHYVE 3AIAOHL ANV LOEL {ANVIN) SW3ILSAS € 3SO1 NVO LOEL NOILV LS
V1S NO SW31SAS dnOYOH3Y 4S8 N3dO HY3IN LINIAI 3AI1SO1dX I IIONIS 12°Z.
30VId ONINVL S30Vd N33M138 EX ARV
S N91S3a34 dNa1INg avol 3ZINININ TIV3S 30Vd IATVA OAH3S
S31VOIAON| VSYN 0Ol 30v4HNS LNJH3IANN 144" N3dO OAL GNV ‘NOA3TI3°8S/H  0Z°C.
30VId ONIDIVL EETRRINE]
SI N91S3Q34 V3S HOLVOIAONT ¥31id
S3LVIIANI YSYN H3144VvE DITIVL3IW 3QIA0Hd 4} N3dO OALl ONV ‘NOA313 ‘8S/d 6L'C.
30Vd ONIIVL
Si N91S303Y ONIHdS SVI9 ONIHJS SVI8 XDVvEa334 HOIW
S3LVOIAN| VSVYN 40 ONIOVI 3AILISOd IAINOYHd z N3dO NOIL{SOd HOLVYNLOV DAL 40 SSO1 81°C.
IATVA ONIHOLIMS 40
(sL108 WY 3H1SNMOQ S34N1Iv4
' (Ova Had) CLE+) ONV 31vd 3LVvN0O3AVNI
NOIS3a34 NOAI3 9L N3dO — SHOLVYNLOV NOA313 e
: {sL1o08 9S/d "IATVA
(Ova "3d) v8+) ONIHOLIMS 30 WV 3HLSNMOQ
- N9IS3A34 NAd vz N3dO S3IUNUV4Y 13SSIA IUNSSIHd 912
NOILYDIdIH3A TOYLNOD
3YNLOVYHS Q33N SHOLVYNLOVY
318ISS0d SY NOOS SV LN3W31dWI i N3dO NOA313 ANV OAL ‘3TNCOW 8S/Y S1°Ze
WSINVHO3W
INVHE INVYONNA3H 30IAOHd € N3dO JHNTIVY 3NVHE dV1d4 AQO8 vz
ALIAILD3d43 3ISNOJS3Y SHHUVW3Y S.d4S SNivis L EI ‘ON
40 ALD
4311940

AYVIAANS dd4S

84




APPENDIX B
SPACE SHUTTLE

HYDRAULIC SYSTEM ASSESSMENT
" FINAL PRESENTATION CHARTS
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SPACE SHUTTLE
HYDRAULIC SYSTEM
'ASSESSMENT
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4 AGENDA SPACE SHUTTLE
HYDRAULIC SYSTEM ASSESSMENT

INTRODUCTION R. D. WHITE

CHARTER R. D. WHITE

ASSESSMENT D. F. GREENE
AND STAFF

SUMMARY D. F. GREENE
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‘ . o mu‘% ‘}‘(ﬁ SHU,)(‘“ .
CHARTER Toesen®
¢ e ASSESS ORBITER AND SRB HYDRAULIC SYSTEMS
e BASELINED ON OFT 102 CONFIGURATION-
o EMPHASIS IS ON OPERATIONAL SHUTTLE
° ASSESS POTENTIAL FOR LOSS-OF SHUTTLE DUE TO
HYDRAU}JC SYSTEM FAILURES
° | IDENTIFY CRITICALITY CATEGORY | ITEMS
o SINGLE FAILURE POINTS (SFP)
o SINGLE FAILURE CONDITIONS (SFC)
‘ e RECOMMEND CORRECTIVE ACTION
| I ”;OL C‘% é‘gﬁ SHU)?“‘
| ’ | 1{’:955'5\*(‘:{:
SPACE SHUTTLE
HYDRAULIC SYSTEM ASSESSMENT
)

INTRODUCTION
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SPACE SHUTTLE HYDRAULIC SYSTEM “Sess¥
ASSESSMENT

@ ASSESSMENT TEAM
e SCHEDULE

® OBJECTIVES
® TECHNICAL ASSESSMENT

® SUMMARY
// ’ . ct SHU))
MCDONNELL DOUGL@__ é‘ A
ﬁé\
YPS “@
MDC ASSESSMENT TEAM Ess
J. A. CHAMBERLIN MDC TECHNICAL DIRECTION
D. F. GREENE PRINCIPAL ENGINEER
D. M. BECK RELIABILITY AND SAFETY
D. E. EVANS ) POWER SYSTEMS
C. H. GOLDTHORPE SERVOACTUATORS
3. UITTLE SYSTEM ARCHITECTURE
88
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SCHEDULE

SPACE SHUTTLE HYDRAULIC SYSTEMS ASSESSMENT

TASK DESCRIPTION 1977 1978

TASK OR MILESTONE A S (4] N D J F M]A[M J J A

) ORIENTATION AND DATA
COLLECTION

REVIEW DATA AND
" | IDENTIFY PROBLEMS , A———

i | DEVELOP CORRECTIVE Lé-
CONCEPTS

IV . | BRIEFINGS AND REPORTS > il

R AS| A6 A
4 ks sel A7l 7

MILESTONES A

~p

1. ORIENTATION AT JSC
AND MSFC
2. ORIENTATION AT Rl
3. START ASSESSMENT NOTE: DOTTED SYMBOLS A INDICATE
4. MIDTERM BRIEFING : ORIGINAL MILESTONES.
AT JSC
6. FINAL BRIEFING AT JSC 6/23/78
6. FINAL BRIEFING AT HQ 7/11/718
7. FINAL REPORT 8/11/718
SUBMITTED

7/ cE SHy,
MCDONNELL oouau& ' e‘,” '}?6‘
_ N =
C ‘% A
S

OBJECTIVES OF ASSESSMENT TEAM  sese

o IDENTIFY CRITICAL ASPECTS OF SPACE SHUTTLE NOT NORMALLY
ACCEPTABLE IN AIRCRAFT DESIGN

® IDENTIFY SINGLE FAILURE POINTS (SFP) THAT RESULT IN A
CRITICALITY CATEGORY 1 CONDITION

® FOR AREAS THAT DO NOT CONFORM, CONSIDER AND EVALUATE

) ALTERNATE DESIGN CONCEPTS
— COST IMPACT
— SCHEDULE IMPACT

® ARCHITECTURE ASSESSMENT EVALUATION
— HORSEPOWER REQUIREMENTS
— SYSTEM REDUNDANCY
— SYSTEM ARRANGEMENT
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HARDWARE REVIEWED ST

SOLID ROCKET BOOSTER
HYDRAULIC POWER SYSTEM

PUMP
FLUID MANIFOLD
FILTER ,
RESERVOIR
QUICK DISCONNECT FITTING
MANUAL SHUTOFF VALVE
CHECK VALVE
LINES AND FITTINGS
HOSES

ORBITER

HYDRAULIC POWER SYSTEM
PUMP ~
RESERVOIR
RELIEF VALVE
FILTER MODULE
ACCUMULATOR
ACCUMULATOR PRIORITY VALVE
MANUAL DUMP VALVE
PRESSURE ACTUATED CONTRUL VALVE
CIRCULATION Pump
BYPASS RELIEF VALVE
OIL/FREON HEAT EXCHANGER
THERMAL CONTROL VALVE
QUICK DISCONNECT
PRESSURE TRANSDUCER
TEMPERATURE TRANSDUCER
CHECK VALVE
HOSE

MCOONNELL DOUGLAS ;

MAIN ENGINE GIMBAL ACTUATION
QUICK DICONNECT
HOSE
CHECK VALVE

RUDDER/SPEEDBRAKE
OLEGPHOBIC FILTER
SHAFT SEAL DRAIN MANIFOLD
HOSE

BODY FLAP
HYDRAULIC MOTOR
OLEOPHOBIC FILTER
SHAFT SEAL DRAIN MANIFOLD
HOSE

ACTUATOR, UMBILICAL RETRACTOR
ACTUATOR
HOSE
MANIFOLD

MAIN LANDING GEAR
UPLOCK ACTUATOR
MAIN LANDING GEAR ACTUATOR
ISOLATION VALVE
CONTROL VALVE
DUMP VALVE
RETRACT CYLINDER
MANIFOLD ASSY
FILTER
HOSE
UP/CIRCULATION VALVE
CHECK VALVE

HARDWARE REVIEWED Usesed

WHEELS AND BRAKES
PRESSURE REGULATOR
BRAKE CONTROL VALVE MODULE
BRAKE ASSEMBLY
HOSE
WHEEL ASSEMBLY
PRESSURE TRANSDUCER
QUICK DISCONNECT

NOSE LANDING GEAR
LANDING GEAR ACTUATOR
UPLOCK ACTUATOR
MANIFOLD
CYLINDER

NOSE WHEEL STEERING
STEERING AND DAMPING ACTUATOR

SRB-TVC ACTUATOR
SERVOVALVE
DYNAMIC PRESSURE FEEDBACK MODULE
SERVOVALVE AP SENSOR
SWITCHING VALVE
POWER VALVE
LOCK VALVE
TRANSIENT LOAD RELIEF VALVE
PISTON ROD
CYLINDER
ACTUATOR POSITION FEEDBACK MECHANISM
INLET FILTER
SOLENOID ISOLATION VALVE
LOAD PRESSURE TRANSDUCER

SSME-TVC ACTUATOR
SERVOVALVE
DYNAMIC PRESSURE FEEDBACK MODULE
SERVOVALVE AP SENSOR
SWITCHING VALVE
POWER VALVE
FORCE LIMITER VALVE
PISTON ROD
CYLINDER
ACTUATOR POSITION FEEDBACK MECHANISM
INLET FILTER
FILTER AP INDICATOR
SOLENOID ISOLATION VALVE
LOCK VALVE
LOAD AP TRANSOUCER

/ »
Q %
MCDONNELL oaua;(@‘ . > '«
<
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i — A
HARDWARE REVIEWED €ss
ELEVON ACTUATOR B/F HYDRAULIC CONTROL MODULE

SERVOVALVE ENABLE SOLENODID

SERVOVALVE AP SENSOR : PILOT UP COMMAND SOLENOID

SWITCHING VALVE PILOT DOWN COMMAND SOLENOID

POWER VALVE POWER VALVE

PISTON AP SENSOR HYDRAULIC MOTOR/BRAKE

PISTON ROD '

CYLINDER . SSME FUEL VALVES

ACTUATOR PISTON LVDT SERVOVALVE

INLET FILTER SHUTTLE VALVE

FILTER APINDICATOR BYPASS VALVE

SOLENOID ISOLATION VALVE FAIL-OPERATE SERVOSWITCH

- ] FAILSAFE SERVOSWITCH
R/SB HYDRAULIC CONTROL MODULE ROTARY ACTUATOR

SERVOVALVE RVDT

SERVOVALVE AP SENSOR

SWITCHING VALVE

TRIPLEX POWER VALVE

INLET FILTER

FILTER AP INDICATOR

SOLENOID ISOLATION VALVE - i

HYDRAULIC MOTOR/BRAKE

€ Shy,
&%
MCDONNELL DOUGLAS @ «
‘Vl’
P

AL—A

TECHNICAL ASSESSMENT

FAULT TREE ANALYSIS D. M. BECK .

o IDENTIFIES CRITICALITY CATEGORY 1

e SINGLE FAILURE POINTS (SFP)

 QUALITATIVE TOOL
HYDRAULIC POWER AND
UTILITY SYSTEMS D. E. EVANS
SERVOCONTROL SYSTEMS C. H. GOLDTHORPE
SYSTEM ARCHITECTURE J. LITTLE
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- FAULT TREE ANALYSIS
mcoonmELL MUGL@ | | &0

SPACE SHUTTLE FAULT TREE ANALYSIS s

PURPOSE: '
TO ASSURE ALL SINGLE-FAILURE-POINT (CRITICALITY CATEGORY i)¥
HAZARDS ARE IDENTIFIED
® ORDERLY, LOGICAL ANALYSIS METHOD
® PROVIDES OVERALL VISIBILITY — RELATIONSHIPS AND QUANTITY OF
HAZARDS

ANALYTICAL TOOL TO ASSIST ASSESSMENT

SCOPE:
ALL SRB/ORBITER HYDRAULIC SYSTEM EFFECTORS
QUALITATIVE ANALYSIS
BASED ON FMEA'S, SAR'S, HA'S, OTHER REVIEWS AND STUDIES, AND
PARTICULARLY OUR ASSESSMENT OF THE SYSTEM/EQUIPMENT
MISSION PHASES
® *ASCENT
® ENTRY/TAEM

® APPROACH/LANDING -
® ROLLOUT

* LOSS OF VEHICLE/CREW

92
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V
"(':?l:‘ss\"‘:zs
FAULT TREE DIVISIONS
LOSS OF
SPACE SHUTTLE
CREW/VEHICLE
(CRIT 1)
[ — 1 | |
Lo DU |||Gc;.0&5s Db?gsNG Loss '
DURING ASCENT R TAEMNTRY/ APPROACH/LANDI DURING ROLLOUT
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MCDONNELL DOUGLAS ;

GATES

N =
N wo

ASCENT

CRITICALITY |
HAZARD CAUSED
BY HYD POWER/
ACTUATION
SYSTEM FAILURE

SR8 TVC

HYD POWER/
ACTUATION
SYSTEM FAILURE

|

ORBITER

HYD POWER/
ACTUATION
SYSTEM FAILURE

—\/

FAILURE IN FAILURE IN
LEFT SRB RIGHT SRB
S
o.’c'ﬁ HU"?
MCOONNELL DOUGLAS © ” t“‘
V‘ )
C
\
L 1‘:9&‘55\*‘
FAILURE IN
RIGHT SRB

A

I = 1 ]
LOSS OF LOSS OF LOSS OF LOSS OF BOTH
TILT AXIS ROCK AXIS VEHICLE TILT AND

(HYD LEAK) ROCK AXES
1 : SH2 Q
ACTUATION
FAILURE

I acTuaTION !
| FAILURE
L - -
-
F o §
”~
~ \\ \\
[Hvo Lock\ ’o ;A/l\ léngRSl\EN
\ sammen } {VaLve 7o !
SPOOL/I \\swncn /
N ~

UND(4) t = 5 MINUTES yUND(4) t =~ 5 MINUTES

A

| F HYDRAULIC
3 SYSTEM
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MCOONNELL oouau% - “ O

$
SINGLE FAILURE POINT SYMBOLS “’355 ¢
/ 'L\
l\\ )= UNDETECTED FAILURE *
SFP ()
— ACCEPTED RISK
SFP( )
— SIGNIFICANT (NOT ACCEPTABLE)
SFP ( )
@ — NO LONGER A SINGLE FAILURE POINT * *
— ELIMINATED WITH TANDEM ACTUATOR DESIGN
SFP () :
* UNDETECTABLE/UNKNOWN FAILURE IN FLIGHT WHICH, COMBINED WITH
ANOTHER HARDWARE ELEMENT FAILURE, COULD CAUSE LOSS OF LIFE OR VEHICLE @

*¥ CORRECTIVE ACTION IS BEING TAKEN
Q’Gﬁ sHUf)?

=== =

1:;9 <$
s
|
ACTUATION
FAILURE
-4
l ! 1
POSITION m LOSS OF FORCE
AND MOTION
MECHANISM T eaitR | capaBILITY OF
FAILURE P aCED) PISTON ASSY
SFP (4) SFP (a) &
ci
SH 2
FRACTURE O
cit [oF ARM OR BROKEN
CONNECTING RING
LINKAGE
SFP (24)  SFP (SEVERAL)  -SFP-8i- SFP (8)
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&
CRITICAL CATEGORY 1 SUMMARY  “sess*

OPEN SIGNIFICANT ITEMS

POWER CONTROL
CATEGORY OF FAILURE| DISTRIBUTION | ACTUATION . SUBTOTAL | TOTAL :
(CRIT) SRB ORB | SRB | ORB ! SRB | ORB |VEHICLE
SINGLE FAILURE POINT | LEAKS | LEAKS | 32 203 32 | 203 235
: (1)
UNDETECTED FAILURE | LEAKS | — 16 13 16 13 29
(1U)
SINGLE FAILURE ~ 16 9 — — 16 9 25
CONDITION * (1) .
ToTALS | 16 9 a8 |'216 | 64 | 226 | 289"

* CONDITION THAT IF IT OCCURS CAN RESULT IN LOSS OF TWO OR MORE HYDRAULIC
SYSTEMS SIMULTANEOUSLY (E. G.APU FLYING DEBRIS) S

** NOT INCLUDING LEAKS

97




AT WIL WHIND HI 'SRV §3LI319000
W04 NOITIIN ¥ 34 IIL JUATOIN ] ammm | SINANVS 821031 100N 1AV HOM mam= G40 SUV B @ B NMLNNSI TUA VIV IIBNE - 338

W w
w wn -
" a38 e .!e..-!-_:-. .s.: .a _:.3

ooy ovIN
NOLSM LT
- B 40 ATV 40 3NN NV
1aNs 13nv1s

SNTIN OVEY ANNSAVEL - WL .

= U U

WIOMIAI
“olvAL)Y
40 Iwn NIV
120u18

838
Jrrteren ) ATV NOABI
v5v 49 AL Vievevd
H NOILOW 0NV
it 184 50 5307
I [
wauyy sy
01 310 $ax¥
ou 1 TCTT TR ¥ QY L NI0W 10 s s
o." P v ena 3012703071 0w i
—

D L v—] =

wenl i . @ _ @
N/

T

Ll RN
* E? )

3 Fys 13404 o 8! G
e e e —— )

- T 4 \ — l

\ ) n—— ()
p——d - A S /
| ommme | (i T
_ 28 NOILVALIY _ v

40 JANVY ,-ca..qn -
R T L]
— — [ESSE— |
, M r+q N/

1143
L) { ) Lias @aw
Ban Juon
4108 40 3307
. e ——n = —><—— MO IL I YAk
_ S $33ud WO VIS _ VIS IAIVA IS — .
Wivams 0w | 1708 40 Wy

.
0RY SAS QAN _ ANV $A3 0AN _ _,
asvwua e | ANVONRI TS 40 10V TIMM
rllJ.ll._ . _.||J_||I..._

L S S Y .
r+1
\ J

Nt NIV Huine
~
ANV LIV
SNV MNINO Wnd
0l I Sixy
¥ 0AY 4 50 S30Y

(Q3NNILNOD) IN3DSV

&(ﬂ-e\dg TIINNOTIW

98




@ e

JNLvnIng
$ISAYI INIUIS)
A I0N04
NINOuR

tim

130 W21 V3N -
s s 9448 - [ o) 428 s ‘WOLIGNEI WATIVE ITBNIS - ~ 238
A4 WAV IIINIS ¥ HIINOT ON - 43t
39vINn - NINVANOLLIY IAINNOI - 7/ /
" :
™ dss A(V
] A Buv1
Suve ANy Juntive -0%1 10N ONY
ATINISSY IATVA WUNLINN LS 40 ALINBYAYD ‘NYHIIN wnnvy WO IWVS Nl 0N
NOIYIon IN3NHIVLLY NOVLOW ONY %IVR0334 IAWAOAU3S Y4 S.A3
Y $o1vRLIY NOILISOS : T
39904 40 5301 .
[ 1] 1.3
WOISII103 HHENY
Q 27015304 - QUVOIN. Q
U4 vy «UNUYY Vs 13Y
NOIAVALIV AN ¥ WOILLYRIDY anvy v
20 VIAOOUYN WA QAN o~
[ I ‘ i I o
AL
IV MYA 3L AL
oY WM "Ivava XY NILN
ntoe
sws
INHN LN \ . 7
- NOILI3L30 110V,
€ on s £ st
] [ 21V tyoznooal
80 40 101
Gt
U

A—T

! | |

(Q3NNILINOD) IN3OSY




MCDONNELL 8!9-;#.@
;

ASCENT (CONTINUED)

"uuuu . PR DBTRIS
AND ACTUATION
couTAsL FAILURES

" ) .]_
- 1!
7 e |
| . .

| S

== -=-9
nEmNER
toss or o comsLor “ rrewacr |
oﬂ .—nuvu- 208 mene H nTCHING I
ELEvens VALVES SwiTew
. . L Yavssren
TS
AN yo
BT PIH J

) 7 N\ 7~ AN
[/  hven \ [/ emen
o ACY.LV. ACT SV,
o : | rasvo ] { rasto
svisoan A wiarn jTeons . N, \ e
o Al
ELEVON fLEvon €LEvon .nun«eu- N -~
@ UND FAIVAES REGUIRED —

& T [ -

1

v 0

f A

1 _

LOSS OF FORCE ACTUATON ACT POty

| _AND WOTION ATVACHMENT ELECT.
CAPABILITY OF STAUCTURAL FEEDBACK
PETON ASSY . FALURE MECH FAIL.

SFP (NUMEROUS)

SFP (4) SFP (08}
© OOWNSTREAM OF SEPARATION
SWITCHING VALVES oF ENO
FITYING

X - SFP ELIMINATED WITH TANOEM ACTUATOR DESIGN

ke ) SFP ) SFP {4) ']
) peid PP ()
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%Ess\'s’

POWER AND UTILITY SYSTEMS
ASSESSMENT

2 | £ 0%

‘e
(3

' ‘('3‘5-55\5(‘é
POWER AND UTILITY SYSTEMS REVIEW

QUANTITY OF
VEHICLE SYSTEM CATEGORY 1
ITEMS

SRB HYDRAULIC POWER SYSTEMS

ORBITER | HYDRAULIC POWER SYSTEM
MAIN ENGINE GIMBAL ACT.
ELEVON SYSTEM

RUDDER SPEED BRAKE
BODY FLAP

E T RETRACT ACTUATOR
MAIN LANDING GEAR
WHEELS AND BRAKES
NOSE LANDING GEAR

NOSE WHEEL STEERING

[ T T T O A I B
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=
POWER AND UTILITY SYSTEMS = ese¥

SOLID ROCKET BOOSTER PROBLEMS
* RESERVOIR OVERFILLING

o PUMP HOSE AND LINE FATIGUE
e MANUAL SHUT-OFF VALVE

ORBITER PROBLEMS
» HYDRAULIC SYSTEM LEAKAGE
o LEAKAGE OF FREON INTO OIL
o BRAKE PIPE AND HOSE DAMAGE FROM TIRE FAILURE
o BRAKE CONTROL VALVE LEAKAGE

POWER AND UTILITY SYSTEMS
POTENTIAL CATEGORY NO. 1 ITEMS NOT REVIEWED

o WATER SPRAY BOILER

¢ NOSE GEAR STEERING AND
DAMPING SUBSYSTEM
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SRB — RESERVOIR

PROBLEM
® FLUID THERMAL EXPANSION

(180°F TEMP RISE = + 14 PERCENT RESERVOIR VOL)

RESERVOIR PISTON BOTTOMS
NO PRESSURE RELIEF
RESERVOIR BURSTS

RECOMMENDATIONS
® VENT LP RELIEF OVERBOARD
OR
. ® LIMIT MAXIMUM OIL FILL VOLUME

® CHECK VOLUME AT COUNTDOWN

“® AUTOMATIC LAUNCH HOLD FOR MINIMUM AND

MAXIMUM OIL VOLUME

AICDONNELE ”U‘LA@-

#“ﬁ- %’bﬂ

SRB — PUMP HOSES AND LINES

PROBLEM

@ PUMP PIPING CONFIGURATION SIMILAR TO EARLY DC-10

LINES FAILED IN 40 HOURS
@ LACK OF TEST DATA ON SRB SYSTEM

o DUAL FAILURE PROBABILITY
UNACCEPTABLE

RECOMMENDATIONS

o TEST PROTOTYPE OF PRODUCTION SYSTEM USING
¢ KISTLER PRESSURE TRANSDUCERS

e CONTINUOUS READOUT ON RECORDER

e LINE ATTENUATOR AND LONGER HOSE IF REQUIRED

107
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DC-10 PUMP PRESSURE LINES

AFTER

BEFORE
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oesen®

SRB — MANUAL SHUTOFF VALVE

PROBLEM
® VALVE CAN LOOSEN IN SERVICE PANEL
e VALVE MOTION MAY DEFORM OR LOOSEN TUBING

RECOMMENDATION
® PROVIDE ANTI-ROTATION DEVICE BETWEEN VALVE AND SERVICE PANEL
LOCK JAM NUT

ACTION TAKEN
® MSFC HAS INCORPORATED POSITIVE LOCK
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MCDONNELL DOUGLAS © P )

.
MANUAL SHUTOFF VALVE =~ Tssee®

. ‘c,e SHU)'}«\
Se——e L
%SEss\“é\
ORBITER — HYDRAULIC LEAKAGE
| PROBLEM

e EXTERNAL HYDRAULIC LEAKAGE MAKE ORBITER
VULNERABLE TO:

* THERMAL TILE SEPARATION
e APUFIRES
o HYDRAZINE LINE FREEZING OR OVERHEATING
. ® LACK OF SEPARATION OF REDUNDANT POWER SYSTEMS
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ORBITER — HYDRAULIC LEAKAGE

PROBLEM
e CONTAINMENT OF TURBINE PUMPS
. VULNERABILITY OF:

TVC ACTUATORS
- BODY FLAP CONTROL VALVE

e
1{'355'5\*%
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ORBITER — HYDRAULIC LEAKAGE

TRANSPORT AIRCRAFT STATUS

@ CURRENT WIDE-BODY AIRCRAFT PROBLEMS
DC-10/B747/L-1011 HAVE
MAJOR IMPROVEMENT

® DOUGLAS SERVICE REPORTS PROVIDE
DATA FOR 3 MILLION AIRLINE FLIGHT HOURS

® OTHER MANUFACTURERS INDICATE SIMILAR SERVICE PROBLEMS
TO DOUGLAS AIRCRAFT DC-10

® MILITARY SERVICE DATA NOT READILY AVAILABLE

©® AIRCRAFT FAILURE DATA
FAA SERVICE DIFFICULTY REPORTS ISSUED DAILY FOR ALL
DOMESTIC AIRLINES

® LEAKAGE STILL A PROBLEM WITH BEST AVAILABLE
TECHNOLOGY
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ORBITER — HYDRAULIC LEAKAGE =~ Tsese¥

- PROBLEM
® ORBITER MAY BE DAMAGED BY HYDRAULIC LEAKAGE

e SOAKED THERMAL TILES DEBOND DURING ASCENT
VIBRATION + SOAKED TILE WILL FAIL BOND
(VGES-135 JAN 1978)

® OIL ON APU WILL IGNITE AT 640°F
APU EXHAUST PIPE
INSULATION GAPS EXPOSE 1000°F SURFACE
(R.l. PRESENTATION — JAN 1978)

o OIL DEGRADES HYDRAZINE LINE INSULATION CHARACTERISTICS
IF WET AT THERMAL SENSOR — WILL OVERHEAT (>150°F)
\F WET AWAY FROM THERMAL SENSOR — HYDRAZINE FREEZES
— APU WILL NOT START
(SEH-ITA-77-262 J. F. CLAWSON 11-22-77)

AMCOONNELA mu‘% ) 0}‘0‘- SHU’)(\“
' Tgpsen®
Q‘y | FLIGHT STANDARDS
«.
> SERVICE DIFFICULTY REPORTS
FLIGHT STDS SERVICE RIS: FS 8070-2 Thursday, April 27, 1978
AIRERAME,
ot»-oa:;a onro:::':osm A:I: 2.7';0 { 574;:;2; ‘ 9667 QL,E'; 5 013

TEIT 1 AX. AFTER LANDING GEAR WAS RETRACTED ON TAKE~OFF, EXPERIENCED LOSS OF
NR, 1 HYDRAULIC SYSTEM. LOSS STOPPED WHEN EDP PUT TO DEPRESSURIZE AND ADP TO
OFF., USED ALTERNATE L/G AND FLAP EXTENSION PROCEDURES AND LANDED WITHOUT
FURTHER INCIDENT. MAINTENANCE FOUND LATERAL FLIGHT CONTROL VALVE IN LEFT HAND
WING CRACKED. REPLACED VALVE. SERVICED HYDRAULIC SYSTEM AND GROUND CHECKED.

SPECHIC PART CAUSING PROBLEIM

8T samm 06 st mumE Sa87 Conp il AT/ LAt
5 VALVE 5 AVI6E12153 D CRACKED ® L.H. WING
—~—— TG et
COMPONE M 1/APPLIANCE ABO/E PAAT WITALLED Om m @ 17534 L@
e Cout/ar®y wamt Samo? o Tyl & o4 01/ mam uL w0
FLICHT CONTROL |5 TTT AEROSPACE LD @
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ORBITER — HYDRAULIC LEAKAGE

OKBITER TRANSPORT COMPAKISON

® ORBITER DESIGN IS5 EQUIVALENT TO CURRENT TRANSPORTS,
E.G . LINE S!ZES, SUPFORY SPACING FITYINGS, ETC.

@ ORBITER ENVIRONMENT MUCH MORE SEVERE AND
PROBLEMS WILL OCCUR SOOKER

® LEAKAGE MAKES ORBITER VULNERABLE TO:
THERMAL TILE SEPARATION
APU FIRES
HYDRAZINE LINE FREEZING

® ORBITER HAS NO COMPLETE HYDRAULIC SYSTEM GROUND
TESTS AT FULL ENGINE POWER

A

. «
4
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ORBITER — HYDRAULIC LEAKAGE

PROBABLE CAUSES OF LEAKAGE
» PRESSURE SURGES AND PUMP PRESSURE RIPPLE
RAPID VALVE CLOSURE
PUMP CASE DRAIN LINE
PUMP PRESSURE LINE
e VEHICLE VIBRATION

LINE ABRASION
ABRUPT LINE SIZE CHANGE AT REDUCER FITTINGS
LOOSENED FITTINGS

o LINES MISMATCHED AT INSTALLATION

o SERVICING MISHAPS
LARGE SPILLS

116
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ORBITER — HYDRAULIC LEAKAGE - oes

RECOMMENDATIONS

SPECIAL INSPECTION OF SYSTEM INSTALLATION
— PROPER FIT OF LINES AT INSTALLATION

— LINE SUPPORT SPACING

—- CLEARANCE

e LOCK WIRE TUBE FITTINGS
o EVALUATE HIGH-PRESSURE LINE SURGES AND -

PUMP PRESSURE RIPPLE

e CONTROL FLOW OF EXTERNAL LEAKAGE

-

- — SEAL SKIN LAPPED JOINTS AND RIVETS

— DIRECT LEAK FLOW TO CONTAINERS, SUMPS, AND
OVERBOARD DRAINS
— CONTROL SPILLS DURING SERVICING

CATCH SPILLS IN ABSORBENT PADS
RIGOROUS CLEANUP AFTER WORK

PORTECT APU'S AND HYDRAZINE LINE INSULATION
FROM HYDRAULIC LEAKAGE

— CONVOLUTED SCREEN AT INJECTOR WELL
CONTAIN APU AND TURBINE PUMP

4;,‘ s“U%ﬂ

ﬁkﬂss\‘é\

ORBITER — FREON LEAKAGE

PROBLEM

o LEAKAGE OF FREON INTO HYDRAULIC FLUID MAY
LOSE FLUID IN TWO POWER SYSTEMS

FREON/OIL HEAT EXCHANGER IS VULNERABLE
TO WELD CRACKS

o PRESSURE DIFFERENCE LEAKS FREON INTO OIL
e FREON 21 AND BUNA N PACKINGS NOT COMPATIBLE
¢ SERVO CONTROL RESPONSE DEGRADED

RECOMMENDATIONS

e EVALUATE EFFECT OF VARIOUS FREON/OIL
MIXTURES ON PACKINGS

e EVALUATE SERVO CONTROL RESPONSE

o PERIODIC ANALYSIS OF VEHICLE HYDRAULIC FLUID
FOR FREON CONCENTRATION

o VIBRATION TEST FOR PRODUCTION ACCEPTANCE
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ORBITER — LANDING GEAR BRAKE SYSTEM

PROBLEM
e LOSS OF BRAKE FLUID FROM:

o BROKEN HOSES
e EXTERNAL LEAKS AT BRAKE MANIFOLD

e MAY LOSE:

e 50 PERCENT OF ALL BRAKING ‘
e 100 PERCENT BRAKING ON ONE MAIN GEAR

e STEERING AND STOPPING DISTANCE DEGRADED

RECOMMENDATIONS
e MINIMIZE BRAKE SYSTEM FAILURES

e COMPLETE ON-GOING ANALYSIS OF VEHICLE DECELERATION

e EVALUATE AUXILIARY BRAKING DEVICES

118
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WHEEL BRAKE SUBSYSTEM Typseh®
£soW
: N ]
A
% & >
3] s z
PRESSURE X z
HYD 3 p v ]
SYSTEM 2
AR 7_: | . RIGHT
RETURN Alss
L 3] s JJw_] Y
b | L (
PRESSURE - -
HYD 3]
SYSTEM S%ngl!ACEMENT
NO. 2 LIMITER
RETURN ~ . B ¢ ] 5
R A )
, X | W] Y
YD PRESSURE BEA 19 FT (LENGTH) . :
%s.gm 4 » I LEFT
) RETURN : x] r%l
3 2z
PRESSURE REGULATING _/ = C )
A BRAKE/SKID
VALVES (1500 PSI) , \'comam. VALVE L Bl scenaons
: . SH,
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Woeget

ORBITER — BRAKE HOSE AND LINE DAMAGE

PROBLEM
e ALL BRAKES ON ONE LANDING GEAR MAY BE LOST TOGETHER
e TIRE BLOWOUT OR SEPARATED TREAD
MAY SEVER FOUR BRAKE LINES AND HOSES
RECOMMENDATION

o SEPARATE SYSTEMS PER TRANSPORT AIRCRAFT STANDARDS

e LOCATE TWO BRAKE LINES EACH ON FORWARD AND AFT SIDE
OF SHOCK STRUT (ONE OPTION)
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MAIN LANDING GEAR Voesew®
HOSE LOCATION
- ,.N_<>
nglae
. DUMMY : | :
TORQ_UE LINK . EXISTING HOSES (FOUR)
wonoses— F Y 11 g
RELOCATED [ i . ~
e ||
FORWARD WHEEL g Ceulod) |
ROTATION
{ D) { 3\
Q“oﬁ SHU'%@
= ».
ORBITER — BRAKE CONTROL L
| VALVE LEAKAGE
PROBLEM

o LOSE ONE-HALF OF BRAKING CAPACITY
e VALVE LEAKAGE CAN EXHAUST TWO POWER SYSTEMS
e VULNERABLE POINTS — BETWEEN SWITCHING VALVE AND FLOW
DISPLACEMENT LIMITER:
e PLUGS IN DRILLED PASSAGES
e SINGLE EXTERNAL SEALS
e CRACKED HOUSING
e SWITCHING VALVE INTERNAL SEALS
e THREADED PLUGS

CORRECTIVE ACTION
e PROVIDE BACKUP LOCKS ON LEE PLUGS
o LOCKWIRE ALL EXTERNAL PLUGS AND CAPS
o PROVIDE INLET CHECK VALVES ON SUPPLY LINES
o REDUCE DIAMETRAL CLEARANCE ON SWITCHING VALVE SLEEVE
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BRAKE VALVE R
MODULE |
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PRESSURE |Pg %‘.
FILTER— ,E*g BYPASS VALVE
N
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1ITCHING
VALVE

“—CONTROL
i i VALVE
| I YLy
FLOW
. DISPLACEMENT i [ 7
LIMITER . FILTER
n-cmnoni
|

BRAKES BRAKES

-V, | £ 0,
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BRAKE/SKIC CONTROL SWITCHING VALVE

§

|

¥ ]
] L

TO BRAKE CONTROL VALVE—/ \ FAILED SEAL IS UNDETECTED
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Toeoe®
SERVOCONTROL
SYSTEMS ASSESSMENT
s | >
SERVO ACTUATOR SINGLE FAILURE POINTS ™=

CRITICALITY CATEGORY |, IU FAILURE MODES

L 4

® JAMMED SPOOLS
® LOSS OF MECHANICAL FEEDBACK BIAS SPRING
® FAILURE OF INTERNAL STATIC/DYNAMIC SEALS
® FAILURE OF EXTERNAL STATIC/DYNAMIC SEALS
® ACTUATOR PISTON ROD PACKING GLANDS
® HYDRAUI;IC MOTOR BRAKE FAILURE
.® ACTUATOR FRACTURE CONTROL PLAN
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JAMMED POWER VALVE/SWITCHING VALVE %sese®

SYSTEM
e POWER VALVE: SRB-TVC, SSME-TVC,ELEVONS, R/SB, BODY FLAP (TOTAL SFP 23)
® SWITCHING VALVE AND LOCK VALVE SRB-TVC (TOTAL SFP 8)
CAUSE
® EXCESSIVE CONTAMINATION EXCEEDING SHEARING CAPABILITY OF
SPOOL.
RESULT

® SINGLE FAILURE POINT
@ CRITICALITY “I"” FAILURE MODE (IU FOR SWITCHING VALVE AND LOCK VALVE)
® LOSS OF CONTROL OF ACTUATOR/VEHICLE

RECOMMENDATION

® RECOMMENDED SOLUTION — INSTALL PROTECTIVE SCREENS AT ALL
ACTUATOR/HYDRAULIC CONTROL MODULE INLET PORTS

e PROTECTIVE SCREENS ARE INSTALLED ON DC-10 HYDRAULIC
ACTUATORS/MODULES

@ ALTERNATE SOLUTION — USE JAM PROOF VALVES

) SH,
MCDONNELL DOUGLAS ) t“
st i,

INLET SCREENS Tesan®

REMOVE LARGE PARTICLES THAT CAN ENTER A SYSTEM AND JAM VALVES

e HIGH VIBRATION ENVIRONMENT CAN PUT PARTICLES THAT WERE
BUILT INTO SYSTEM AND NEVER FLUSHED OUT INTO CIRCULATION

= o PARTICLES MAY ENTER SYSTEM WHEN COMPONENTS ARE OVERHAULED
o BY DIRECT INTRODUCTION WHEN LINES ARE OPENED FOR MAINTENANCE
e AS A RESULT OF THE FAILURE OF A COMPONENT
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LOSS OF ACTUATOR POSITION MECHANICAL %sessv®
FEEDBACK BIAS SPRING

SYSTEM

® SRB-TVC (TOTAL SFP 8)

® SSME-TVC (TOTAL SFP 12)
CAUSE

® LOSS OF BIAS SPRING
o BROKEN BIAS SPRING

RESULT

® SINGLE FAILURE POINT
® CRITICALITY *I" FAILURE MODE
® LOSS OF CONTROL OF TWO SERVO VALVES

® SERVO VALVE FORCE FIGHT OCCURS
® LOSS OF CONTROL OF ACTUATOR/VEHICLE

RECOMMENDATION
® PROVIDE POSITIVE CAGING OF BIAS SPRING
® NASA INDICATES REDESIGN IS TAKING PLACE

N £

' i

ACTUATOR POSITION MECHANICAL FEEDBACK <ty _ ¢
BIAS SPRING INSTALLATION

M o =s
=t d ST, LT E G e —f—-
:L (A2 % 21D CEN IANCIE e H
D B\ N
—l 5o I e\ T e 40
| P S e . _.y__Jv

BIAS SPRING
]
il i
R ¥

SECTION A-A
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' FAILURE OF Tsesen®
INTERNAL STATIC/DYNAMIC SEALS
SYSTEM | |
® SRB-TVC ACTUATOR PISTON HEAD SEAL (TOTAL SFP 4)
CAUSE

® DAMAGED SEAL DURING INSTALLATION
e DEFECTIVE SEAL
® DEFECTIVE SEAL GROOVE

RESULT OF SEAL FAILURE

EXCESSIVE INTERNAL HYDRAULIC LEAKAGE PATH
SINGLE FAILURE POINT

CRITICALITY “I'" FAILURE MODE _

LOSS OF CONTROL OF ACTUATOR/VEHICLE
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HYDRAULIC FLUID “ksss\&é\
INTERNAL LEAKAGE LIMITS

SOLID ROCKET BOOSTER

e MAXIMUM ALLOWABLE INTERNAL HYDRAULIC LEAKAGE 200 GPM
(ESTABLISHED BY EXCESS HYDRAZINE ON-BOARD)

ORBITER | |
o MAXIMUM ALLOWABLE INTERNAL HYDRAULIC LEAKAGE 0.1 GPM

(ESTABLISHED-BY THE ORBITER CONFIGURATION
- CONTROL BOARD 12-3-76)

€ Shy
b(@\

AMCDONNELL DOVSLAS | | é‘c .
22 -

. % 6
'SRB-TVC ACTUATOR PISTON Voess

il

DIAMETRICAL CLEARANCE = 0007 INCH
DIAMETER =7.306 INCH
LAND LENGTH= 04 INCH MINIMUM .

7777777777777

TOTAL NUMBER OF SINGLE FAILURE POINTS: 4
FAILED SEAL LEAKAGE RATE GREATER THAN 35 GPM — NOT ACCEPTABLE
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MSFC ANNULUS FLOW TESTS Toes

TEMP 150°F

DIAMETRICAL CLEARANCE 0.005 IN.
DIAMETER 1.74 IN.

LAND LENGTH 0.140 IN. .

25
20
ORIFICE FLOW EQUA
15
FLOW (GPM)
10—
ANNULUS FLOW TEST -
5
0 —
(1] 1000 2000 3000
PRESSURE (PSi)
SH,
. ‘_: ); é‘oi U’)?«\
=
V 1'kl:‘ss\‘{"e
ELEVON ACTUATOR PISTON

¢

Uy u
7777777 77777777,

PRIMARY SEAL
O-RING, BUNA N RUBBER WITH TEFLON CAP SEAL

FIX: PROVIDE A BARRIER SEAL

METALLIC RING — INNER RING 17-4 PH STAINLESS-STEEL
OUTER RING ALUMINUM BRONZE
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FAILURE OF EXTERNAL STATIC/DYNAMIC s

<

SEALS

SYSTEM

SSME-TVC FILTER INDICATOR, SERVO VALVES

ELEVONS FILTER INDICATOR, SERVO VALVES

R/SB FILTER INDICATOR, SERVO VALVES, SWITCHING VALVE
MANIFOLD UNIONS

SRB-TVC SWITCHING VALVE, TRANSIENT LOAD RELIEF VALVE

CAUSE

SEAL DAMAGED DURING INSTALLATION
DEFECTIVE SEAL
DEFECTIVE SEAL GROOVE

RESULT OF SEAL FAILURE

MCOoOONNELL mm; )
Y =T

EXCESSIVE EXTERNAL LEAKAGE PATH

SINGLE FAILURE POINT
LOSS OF HYDRAULIC FLUID FROM MORE THAN ONE SYSTEM

CRITICALITY CATEGORY |, U FAILURE MODES
LOSS OF CONTROL OF ACTUATOR/VEHICLE

€ Shy
¥ "\‘;‘

HYDRAULIC FLUID EXTERNAL LEAKAGE %ES

&
S

LIMITS

SOLID ROCKET BOOSTER

MAXIMUM ALLOWABLE LOSS OF FLUID IS EQUIVALENT TO THE VOLUME
OF FLUID IN TWO RESERVOIRS THAT COULD BE LOST DURING VEHICLE

ASCENT

® MAXIMUM EXTERNAL LEAKAGE 2.0 GPM

ORBITER

MAXIMUM ALLOWABLE LOSS OF FLUID IS EQUIVALENT TO THE VOLUME
OF FLUID IN ONE RESERVOIR THAT COULD BE LOST DURING VEHICLE

ENTRY

® MAXIMUM EXTERNAL LEAKAGE 0.1 GPM
(ESTABLISHED BY THE ORBITER CONFIGURATION CONTROL BOARD
123-76)
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EXTERNAL STATIC/DYNAMIC segen®
SEAL LEAKAGE RATES

COMPONENT _ AP(PSI)  LEAKAGE RATES (GPM)
e SRB-TVC TRANSIENT LOAD RELIEF VALVE
SEAL NO. 1 2000 31 OPEN¥*
e SRB-TVC SWITCHING VALVE ‘ , , .
SEALS NO. 2 AND 3 (CRIT CAT. 1U) 3000 23 NOT ACCEPTABLE
o SSME-TVC. R/SB, ELEVON SERVO VALVE FACE
SEALS (PRESSURE RELIEF) 3000 <0.1 OPEN*
e SSME-TVC R/SB, ELEVON FILTER INDICATOR 3000 <01 OPEN*
e R/SB SWITCHING VALVE MANIFOLD UNION SEALS 3000 OVERSTRESS EOLTS,

OPEN UPMOUNTING
FACE, LOSE THREE
HYDRAULIC
SYSTEMS

* CORRECTIVE ACTION BEING TAKEN PER NASA

I mﬁ_@— : . - é{,ﬁ SHU,%‘“

SRB TRANSIENT LOAD RELIEF VALVE

- 1 e 2 A
- b =
(41 Cc2 Cl1 c¢C2
FAILED EXTERNAL SEAL NO. 1 LEAKAGE RATE: 3.1 GPM NOT ACCEPTABLE
TOTAL SINGLE FAILURE POINTS 4

FIX: PROVIDE A BARRIER SEAL. NASA INDICATES CORRECTIVE ACTION
WILL BE TAKEN TO REDUCE LEAKAGE TO 0.1 GPM
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SRB-TVC SWITCHING VALVE Toessh®
' , 9
I Pz@m'@n I R1 Tm. ? Rz‘zlui3 P |
QW E = = /?L UM
il (\\ f - v , : ﬁi:_ | B‘FF ' E&\;ﬁ

"F1T 'R1 ®1 Rz R Pl
VALVE IN PRIMARY HYDRAULIC SUPPLY POSITION

@ @n R1 le R2 Im? P1 T

) P2 P1 R2 R2 R1 P1
VALVE IN STANDBY mmmuc SUPPLY POSITION

. FAILED EXTERNAL SEAL POTENTIAL LEAKAGE RATE

SEALS NO. 2 AND 3-23 GPM NOT ACCEPTABLE
CRITICALITY CATEGORY U FAILURE MODE

—— £

SWITCHING VALVE  Tyee®
RECOMMENDED ALTERNATE DESIGNS

R1 R2 R1 P1

SEALS: GREENE, TWEED "T" SEAL, BUNA N RUBBER WITH TEFLON
BACKUP RINGS

FIX: 1. PROVIDE DUAL “T" SEALS AT SINGLE FAILURE POINT LOCATIONS
WITH VENT THROUGH AN ORIFICE BACK TO RETURN TO PROVIDE
A CONTROLLED LEAKAGE FLOW

2. PROVIDE CHECK VALVE IN EACH SUPPLY LINE TO PREVENT BACK
. FLOW OF HYDRAULIC FLUID
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SERVO VALVE FACE SEAL LOAD RELIEF ¥
1
|
s S
~0.000 MOOG DRAWING A24055
SERVO VALVE
€ SHy,
aecoommms sovals | ‘ é‘p Q«\
8
DIFFERENTIAL PRESSURE Trpsel®

FILTER INDICATOR BARRIER SEAL

CLAMPING FLANGE
174 PH CRES
DIFFERENTIAL PRESSURE
H

FILTER INDICATOR
» ! BODY - AL 2024-73

DIFFERENTIAL
. PRESSURE
FILTER INDICATOR
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FAILURE OF R/SB SWITCHING VALVE  Toee®
MANIFOLD UNION SEALS

STANDBY SUPPLY NO. 1
STANDBY SUPPLY NO. 2

132

ASSUME PRESSURE ASSUME PRESSURE
IS ACTING ON IS ACTING ON
TOTAL MANIFOLD 1/4 MANIFOLD FACE
FACE AREA AREA
MANIFOLD FACE AREA 50.2 IN.2 12.55 IN.2 12.55 IN.2
OPERATING FLUID PRESSURE 3000 PSI 3000 PSI 3000 PSI
MANIFOLD FACE BOLT SIZE AND QUANTITY 3/8 DIA (8) 3/8 DIA (4) 3/8 DIA (2)
OPERATING LOAD PER BOLT 18,825 LB/BOLT | 9413 LB/BOLT | 18,825 LB/BOLT
BOLT YIELD ALLOWABLE LOAD AT 275°F 7594 LB 7594 LB 7594 LB
MARGIN OF SAFETY - -0.6 -0.19 -0.6
RECOMMENDATIONS
@ SEAL FAILURE TEST SHOULD BE CONDUCTED TO VERIFY DESIGN.
@ PROVIDE LOAD RELIEF TO PREVENT FORCE BUILDUP BETWEEN
MANIFOLDS THAT COULD CAUSE BOLT FAILURE AND LOSS OF THREE
HYDRAULIC SYSTEMS.
T ¢k Shy,
"f}d.
. .
R/SB SWITCHING VALVE MANIFOLD AND Urese
s, . FFSIERTED sy | S
BN IR Eani -
. A ’_-"_‘j_.'__.___’.-.'__'l I i N O T '-.t... N 7
AR :~.l_-;=t :]Z': : T e .
A imgr bl A # -
o i WV [RRTRVY JPUYT S —;'—l: ﬁq'g % s i = 2 s HI-
i 4 m—j ' : f‘:;'_ '|‘ - —[E 3 ::;rvz sTRY .
1T -1 WS{'.:{-;; H ; A r..-.s;:. A SRS | —{E :‘ET Y ¢
4+ AH- 3\ sup ﬂJ;ﬂ}—
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UNION — MOOG DWG A23797
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SUMMARY -
FAILURE OF EXTERNAL STATIC/DYNAMIC
SEALS
SRB- SSME
COMPONENT TVC TVC ELEVONS R/SB

TRANSIENT LOAD RELIEF VALVE SEAL NO. 1 * - - -
FILTER DIFFERENTIAL PRESSURE INDICATOR - % * *
SERVO VALVES A * * *
UNIONS (MOOG DWG A23797) c c c ~(16)

c c c

SWITCHING VALVE (CRIT 1U) SEALS NO. 2AND 3 - (8)

| >0\ *

CORRECTIVE ACTION TAKING PLACE
CORRECTIVE ACTION NEEDS TO BE TAKEN
CORRECTIVE ACTION TAKEN

ACCEPTABLE

COMPONENT NOT USED IN DESIGN
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ACTUATOR PISTON ROD PACKING GLAND “¥ess¥®

e NO POSITIVE RESTRAINT OF PISTON ROD PACKING GLANbS
' IN SSME-TVC, ELEVONS AND SRB-TVC ACTUATORS.

(TOTAL SSME SFP 12, ELEVON SFP 8, SRB SFP 8)
e PACKING GLANDS ARE RETAINED ONLY BY SHRINK FIT.

~ o PACKING GLANDS COULD UNSEAT AND A MASSIVE EXTERNAL
LEAK OF ALL HYDRAULIC SYSTEMS OCCUR.

e DAC USES POSITIVE LOCKING OF PACKING GLANDS
e CORRECTIVE ACTION — PROVIDE POSITIVE LOCKING OF

PACKING GLANDS. |
McoonNELL m;& é‘oe SHU))(“
ELEVON ACTUATOR £ss
CROSS-SECTIONAL VIEW

ELSXSSSROD BEARINGS/PACKING

////f/";\\ ey

R \\\\\\ﬁ\\

'. e \\

272 o RS
ST el
//” PISTON ROD

CYLINDER
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HYDRAULIC MOTOR BRAKE FAILS IN OFF “Sess
'POSITION

SYSTEM

¢ RUDDER
® SPEEDBRAKE
® BODY FLAP

CAUSE

® UNDETECTED HYDRAULIC BRAKE SPRING FAILURE

® UNDETECTED HYDRAULIC BRAKE PRESSURE PLATE FAILURE
® UNDETECTED HYDRAULIC BRAKE PISTON JAMMED

® FOLLOWED BY ONE HYDRAULIC SYSTEM FAILURE

RESULT

e THE REMAINING HYDRAULIC MOTORS WILL CAUSE THE FAILED
MOTOR TO RUN IN REVERSE.

® THE UNIT IS UNABLE TO POSITION/DRIVE THE CONTROL SURFACE.

e THE SURFACE MAY BLOW BACK FROM ITS LAST COM-
MANDED POSITION.
® CRITICALITY CATEGORY U

CORRECTIVE ACTION
® INSTALL REDUNDANT BRAKING DEVICE

ReCOPNNELL m“% | e
HYDRAULIC MOTOR BRAKE ASSEMBLY

|
BRAKEHOUSING—\ . 3 S2irs

SPLINED SHAFT —\

BRAKE. PISTON

BRAKE PRESSURE PLATE

\_
\\—BRAKE SPRING
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ACTUA.TOR FRACTURE CONTROL PLAN

e FRACTURE CONTROL CRITERIA ENSURE THAT AN INITIAL FLAW OR CRACK
WILL NOT GROW EXCESSIVELY AND CAUSE A FAST FRACTURE OF PART
DURING THE MISSION TIME PERIOD

e FRACTURE CONTROL CRITERIA HAS BEEN APPLIED TO WING STRUCTURE AND TO
ELEVON ACTUATOR ATTACH FITTINGS

° FRACTURE CONTROL ANALYSES OF ACTUATORS HAS BEEN DEFERRED

¢ ACTUATOR SPECIFICATIONS SHOULD REQUIRE FRACTURE CONTROL CRITERIA

PER Rl FRACTURE CONTROL PLAN SD73 SH-0082A SINCE ACTUATORS ARE
FLIGHT CRITICAL ITEMS.

o ANALYSES SHOULD BE ACCOMPLISHED AS SOON AS POSSIBLE TO MINIMIZE
IMPACT OF TESTING AND CHANGES TO SHUTTLE PROGRAM '

: £ s“ll;}
N\ A,
.
1 DOCUMENT SD73-SH.0082A PG. 4 FRACTURE CONTROL PLAN
%Ess\*

AMD FATIG/E ANALYSIS

WILL LOSS OF PART CAUSE L.
1063 OF VERICLE

YES

COMPLETION OF FORAAL swncJ

CQMPUTE PART LIFE USTNG FLAY STRUCTURE

[~ — = = =— —% EIZE LIMITS* OF STAYDARD IDZ LIFE> b
? SQHE PRESZURE V:-CUEIS
I MAY BE SCREEMED BY PROOF VEHICLE LIVES
TEST

| LIFE <A VEHICLE LIVES
OR PRESSURE VESSEL

' PRESSURE |VESSEL
LIFE)>

' L<4 REAMALYZE USING
LDATS OF SPECTAL MD

L>b
FRACTURE CRITICAL PART
MTIFY PART AND
An o BT
T
— .__."____.l
_[uccerraniz pamr STANDARD MsP

NEDESIGN REQUIRSD AXD MFC. PROC

LECERD: L e LIFE

EDE = NOW DESTRUCTIVE EVALUATION
FRACTUTEE CRITICAT. PART S¥TECTION 10CIC

namr 1
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SUMMARY OF CORRECTED SINGLE FAILURE >
- POINT ITEMS

THE FOLLOWING SINGLE FAILURE POINT ITEMS HAVE BEEN OR ARE BEING
CORRECTED

e SRB-TVC

1. CAGlNg OF ACTUATOR POSITION MECHANICAL FEEDBACK BIAS
SPRIN

2. TRANSIENT LOAD RELIEF VALVE EXTERNAL SEAL

® SSME-TVC
1. CAGINg OF ACTUATOR POSITION MECHANICAL FEEDBACK BIAS
SPRIN

2. SERVO VALVE FACE SEAL LOAD RELIEF

3. FILTER DIFFERENTIAL PRESSURE INDICATOR SEAL BARRIER
® RUDDER/SPEEDBRAKE

1. SERVO VALVE FACE SEAL LOAD RELIEF

2. FILTER DIFFERENTIAL PRESSURE INDICATOR SEAL BARRIER

e ELEVONS ' -

1. SERVO VALVE FACE SEAL LOAD RELIEF
2. FILTER DIFFERENTIAL PRESSURE INDICATOR SEAL BARRIER

S
V4 \~°€ Hy, %
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MCDONNELS poucl-& O .
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SUMMARY OF OPEN SINGLE FAILURE < o
POINT ITEMS £ss

THE FOLLOWING MODULES DO NOT FULLY COMPLY WITH THE FORTRESS CON-
CEPT. A FEW SINGLE FAILURE POINTS CRITICALITY CATEGORY | AREAS STILL

EXIST
e SRB-TVC
1. ACTUATOR PISTON HEAD SEAL FAILURE .
2. SWITCHING VALVE CRITICALITY IU SEAL FAILURE
3. LOSS OF PISTON ROD PACKING GLAND
4. EXPEDITE FRACTURE CONTROL ANALYSIS -
e RUDDER/SPEEDBRAKE
1. SWITCHING VALVE MANIFOLD UNION SEAL FAILURE
2. HYDRAULIC MOTOR BRAKE FAILURE
e ELEVON
1. LOSS OF PISTON ROD PACKING GLAND
2. EXPEDITE FRACTURE CONTROL ANALYSIS
e SSME-TVC
1. LOSS OF PISTON ROD PACKING GLAND
2 EXPEDITE FRACTURE CONTROL ANALYSIS

® BOOY FLAP
1. HYDRAULIC MOTOR BRAKE FAILURE

® ALt RYDRAULIC MODULE PACKAGES
1 INSTALL INLET SCREENS
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SOLID ROCKET BOOSTER
- TVC ACTUATION
ARCHITECTURE ASSESSMENT
s ‘ _ >
SRB TVC ASSESSMENT 1{'1955.5\&3'e

HORSEPOWER REQUIREMENTS

NORMAL REQUIRED GIMBAL RATE 5 DEGREESISECOND

® SUFFICIENT HORSEPOWER AVAILABLE WITH
— PRESENT ACTUATOR SIZING
— EXISTING PRESSURE DROP THROUGH ACTUATOR
— TWO APU-DRIVEN HYDRAULIC POWER SYSTEMS

STANDBY REQUIRED GIMBAL RATE 3 DEGREES /SECOND

® SUFFICIENT HORSEPOWER AVAILABLE WITH
— APU OVERSPEED 113 PERCENT
— NORMAL PUMP VOLUMETRIC EFFICIENCY
— SYSTEM LEAKAGE NOT EXCESSIVE

ELIMINATE APU OVERSPEED OPERATION

« @ PROVIDING STABLE CONTROL ACHIEVED WITH REDUCED GIMBAL RATE
— SIMPLIFIES SYSTEM
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SRB TVC ASSESSMENT SUMMARY

SRB/TVC ACTUATOR SYSTEM ARCHITECTURE CONSISTING OF

‘o TWO REDUNDANT HYDRAULIC SYSTEMS

e SINGLE TYPE SERVO ACTUATOR PACKAGES INCORPORATING SWITCHING
VALVES

ACCEPTABLE PROVIDING

o REVISIONS IDENTIFIED BY THIS ASSESSMENT TEAM ARE INCORPORATED

) ON PAD PRELAUNCH TESTS ARE USED TO DISCLOSE ABNORMAL

LEAKAGE AND PUMP OUTPUT
MCOONNELL ooual.m g | é"pe SHU'}(«‘
> -
Tyggen®
ORBITER
HYDRAULIC SYSTEM ARCHITECTURE
ASSESSMENT
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ORBITER ASSESSMENT - Bsesew

AREAS OF STUDY

HYDRAULIC POWER

SUPPLY
DISTRIBUTION
HORSEPOWER

ACTUATION
SSME TVC

ME CONTROLS -

BODY FLAP (VALVES AND MOTORS)
RUDDER/SPEED BRAKE (POWER DRIVE UNIT)
ELEVON ‘

o=
APCOONNELL mu‘% : ) o «
. ‘r'd.

ORBITER ASSESSMENT Boesew

HYDRAULIC POWER

&

SUPPLY

e THREE REDUNDANT HYDRAULIC SYSTEMS
e ONE HYDRAULIC PUMP/SYSTEM
e EACH DRIVEN BY IDENTICAL APU SUBSYSTEMS

REDUNDANCY EVALUATION

o PREFER TWO PUMPS/SYSTEM — NOT COMPATIBLE
_WITH LOADING

e PREFER DIFFERENT TYPES OF DRIVING SUBSYSTEMS
— NOT REASONABLY ATTAINABLE
*  RECOMMENDATION

e EXISTING ARCHITECTURE ACCEPTABLE FOR
OPERATION SPACE SHUTTLE ORBITER

141




. @ : I\l /g
AMCDONNELL DOUGLAS (%) A o
ff}o

ORBITER ASSESSMENT ' | 1‘3‘555\3

HYDRAULIC POWER

DISTRIBUTION

e PRIMARY FLIGHT CONTROLS
e SSME-TVC ACTUATION
e ME CONTROLS
B/F ACTUATION
e R/SB ACTUATION
s ELEVON ACTUATION
e UTILITY SYSTEM
o LANDING GEAR ACTUATION
o BRAKES
o NOSE WHEEL STEERING
e ET UMBILICAL RETRACTION
¢ FLIGHT CONTROLS DICTATE BASIC ARCHITECTURE

e THREE REDUNDANT HYDRAULIC SYSTEMS

REQUIREMENTS - |COMMERCIAL | ORBITER

¢ POSITIVE STANDBY POWER YES NO

e INDEPENDENT SYSTEMS YES NO
e SINGLE SYSTEM OPERATION YES NO s-Gen-23394a

. Q’ (s
MCDONNELL DOUGLAS @ «
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C

ORBITEK ASSESSMENT

HYDRAULIC POWER

DISTRIBUTION (CONTINUED) ' -

¢ NUMEROUS SINGLE FAILURE POINTS DOWNSTREAM
OF SWITCHING VALVES CAN RESULT IN LOSS OF ORBITER

e SEALS
e FRACTURED HOUSINGS
e BOLT FAILURES

o FLIGHT CONTROL ACTUATOR PACKAGES
o INCORPORATE SWITCHING VALVES

e AUTOMATICALLY SELECT ONE SYSTEM
. AFTER ANOTHER WHEN FAILURE OCCURS

e RECOMMENDATION
o ELIMINATE SINGLE FAILURE POINTS
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ORBITER ASSESSMENT SEgoW
HORSEPOWER
REQUIREMENT
o SAFE FLIGHT WITH ANY ONE SYSTEM OPERATIVE
DEFICIENCY
e ASCENT PHASE OF FLIGHT
e TWO SYSTEMS REQUIRED
- o DURATION 13.44 MINUTES
e APPROACH AND LANDING g
e TWO SYSTEMS REQUIRED
RECOMMENDATION
o IMPROVE DESIGN OF FLIGHT CONTROL ACTUATORS
9: & SHU"
’
ORBITER ASSESSMENT
1r‘ts‘&‘s's\*f"

SPACE SHUTTLE MAIN ENGINE THRUST
VECTOR CONTROL ACTUATION

e SINGLE TYPE ACTUATOR PACKAGES ' -
® SWITCHING VALVES :
® ONLY TWO SYSTEMS SUPPLY EACH ACTUATOR PACKAGE
e OPERATE FOR 13.44 MINUTES AFTER LAUNCH

ANALYSIS BASED ON DC-10 ACTUATOR RELIABILITY RECORDS INDICATE
ORBITER SSME TVC ACTUATOR PACKAGE EXISTING DESIGN IS
MARGINALLY ACCEPTABLE
RECOMMENDATION
* IMPLEMENT “FORTRESS” PROGRAM

o FRACTURE CONTROL PLAN

e OPTIMUM DESIGN

e SUPERIOR QUALITY CONTROL
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ORBITER ASSESSMENT EssW

MAIN ENGINE FUEL CONTROL

¢ DIFFERENT HYDRAULIC SYSTEM TO EACH ENGINE
e MAIN ENGINE HYDRAULIC SYSTEM ISOLATION VALVES
o EXISTING ARCHITECTURE ACCEPTABLE FOR OPERATIONAL

SPACE SHUTTLE ORBITER
=
ORBITER ASSESSMENT sesen®

BODY FLAP HYDRAULIC ACTUATION

o HYDRAULIC SYSTEMS COMPLETELY SEPARATED
e NO SINGLE FAILURE CAN CAUSE LOSS OF MORE
THAN ONE HYDRAULIC SYSTEM

¢ HYDRAULIC BRAKE FAILURE OR VALVE JAM ONLY SFP
e DETAIL DESIGN PROBLEMS

o BODY FLAP ARCHITECTURE IS ACCEPTABLE FOR
OPERATIONAL SPACE SHUTTLE ORBITER
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ORBITER ASSESSMENT 1’3‘555\13’

RUDDER/SPEED BRAKE
HYDRAULIC ACTUATION

EXISTING DESIGN

o SINGLE FAILURE DOWNSTREAM OF SWITCHING VALVES CAN CAUSE LOSS
OF ORBITER
e SWITCHING VALVES AUTOMATICALLY SELECT
ONE SYSTEM AFTER ANOTHER FOR FOUR-CHANNEL SERVOS
e EACH CHANNEL INCORPORATES THREE CRITICAL COMPONENTS
e 24 CRITICAL COMPONENTS TOTAL IN R/SB SYSTEM
e SEAL FAILURES
o FRACTURED HOUSINGS
o OVERTORQUED, UNDERTORQUED OR FAILED BOLTS

. ' il %
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RUDDER/SPEED BRAKE Toesed®
£SS
EXISTING DESIGN -
P3R3 P2 R2 P1R1
— e -] ‘ )
P |—| 31 | r ————— 9
r==l= |l = —[-—=-=—1 I | swiTcHING VALVES
] L] | ] WITH POSITION INDICATORS
" 1 I ] ) '
To S/B |
4 CHANNEL . V=== —
SERVO ! | | | -
TYPICAL ————— o | | i
CHANNEL RUDDER ,"‘ i r ] !
4.CHANNEL RUDDER
12 Rl SERVO == POWER VALVES
r---{-- —_—
|
t
1
| ~~— serRvO V. HYDRAULIC
' MOTORS
]
]
' By HYDRAULIC BRAKES
V) FILVOT]
y N SOL OPER 0 ]
v . BYPASS VALVE RUDDER SPEED BRAKE
' SUMMER SUMMER
V1) AP T
ELECTRONIC PL P MIXER
Y —
CIRCUITR 1N O TO SURFACE ACTUATORS

TO PWR VALVES
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RUDDER/SPEED BRAKE ACTUATION
ROCKWELL PROPOSED DESIGN
e ELIMINATED SFP'S IN R/SB HYDRAULIC PDU 4-CHANNEL SERVOS
¢ ADDED TWO LINKED SHUTOFF VALVES WITH POSITION INDICATORS
e ADDED TWO FOUR-CHANNEL SERVOS
e AVIONIC IMPACT
o ADDED WIRING TO PDU
e MODIFIED ASA HARDWARE
o INCREASED QUIESCENT HYDRAULIC FLOW
o INCREASED SIZE AND WEIGHT OF PDU
e INCREASED COST OF PDU
: € SHY).
AMCDONNELL DOUGLAS é‘g " )?0‘
(:3-/— . )
L= €3
RUDDER/SPEED BRAKE "‘*fs ©
ROCKWELL TANDEM OPTION
PIR1T P2R2 P3R3
1 : ‘— _____ 1
r——--—-—-— — —e — -+ —— — = —q SWITCHING VALVE
SHUTOFF VALVE | | | | WITH POSITION INDICATOR -
WITH POSITION | |
INDICATOR ' l I
- | +— '
Yo $/B —_— ‘ | | ] TO SPEED BRAKE
;cHAglNEL — — I_<, ! l._J : l_o i R 7 4 CHANNEL SERVO
E o
" seavo " =l 4 servo H
- |
HYDRAULIC
MOTORS
»—g::] -ﬁ] HYDRAULIC BRAKES
. ] e W
RUDDER SPEED BRAKE
SUMMER SUMMER
L1 11
MIXER
1] 9} TO SURFACE ACTUATORS
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RUDDER/SPEED BRAKE ACTUATION

MDC PROPOSED DESIGN
o ELIMINATES ALL SFP'S IN R/SB HYDRAULIC PDU 4 CHANNEL SERVOS
e 24 COMPONENTS NO LONGER CRITICALITY CATEGORY | HAZARD
ITEMS .
ELIMINATES TWO EXISTING LARGE SWITCHING VALVES

REROUTES SYSTEMS WITHIN ACTUATOR PACKAGE

e SUPPLIES SEPARATE POWER TO EACH CHANNEL
OF EXISTING FOUR-CHANNEL SERVOS

o ADDS SMALL (0.5-GPM) SWITCHING VALVE
o PRESSURE DIFFERENCES AMONG SYSTEMS IS SMALL
o EXISTING ELECTRONIC CIRCUITRY IS TOLERANT OF DIFFERENCES
e NO CHANGE IN AVIONICS
e NO CHANGE IN ELECTRONIC CIRCUITRY
o NO CHANGE IN ASA HARDWARE
e . RESULTS {N SMALLER PDU PACKAGE
o REDUCES ORBITER TOTAL WEIGHT ABOUT 20 POUNDS
COST ESTIMATE (ROM) $2M FOR 4 SHIP SETS AND FCHL
SCHEDULE IMPACT 15 MONTHS

-2 £

Tyrcen®
RUDDER/SPEED BRAKE Essw®
MDC PROPOSED DESIGN
©
HYDRAULIC SYSTEMS
P3R3 P2R2 PRI
1 | -J
10 /8 s st st o St sl Relowl
4 CHANNEL — ¥ ==l ——— — — == — —*
SERVO | - |
e ot o o e B S (e e ] -
P [ [t I
2{ U ] | | ! |
TYPICAL ?:‘L’f:'"c ! | | I
CHANNEL @5 GPM) N | | |
3 I . ..(l l-% v | | |
: 4 CHANNE
SERVO V. SERVO ER VALVES
e ajl]l2
L—SOL. OPER ELECTRONIC HYDRAULIC
BYPASS V. CIRCUITS MOTORS
REVISE TO
- 3YPASS AT OPSI
AND WHEN ENERGIZED HYDRAULIC BRAKES
SHOWN AT 0 PSI IN BYPASS M M
AND DE-ENERGIZED
RUDDER SPEED BRAKE
| i —e SUMMER SUMMER
m
. H 11 I
ELECTRONIC P Pg MIXER
CIRCUIT ?w: es
Vio
10 ‘ J U 10 sureace acTuaTORS
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RUDDER/SPEED BRAKE ACTUATION  sess¥

e RECOMMEND GEAR RATIO REVISION

e PROVIDE REQUIRED DESIGN HINGE MOMENT ONLY
e REDUCES STRUCTURAL LOAD REQUIREMENTS
e REDUCES FLOW REQUIREMENTS
e RESULTS IN INCREASED AVAILABLE SURFACE
RATE WHICH NOW IS

e MARGINAL FOR COMBINED FLIGHT CONTROL
ACTUATION DURING APPROACH AND LANDING

e CRITICAL FOR SINGLE HYDRAULIC SYSTEM

OPERATION
cE Shy),
coomrss sover s 5,
C
ORBITER ASSESSMENT %ESS ©
ELEVON ACTUATION

* EXISTING DESIGN

¢ SINGLE FAILURE POINTS TOO NUMEROUS
e 4 SINGLE TYPE SERVO ACTUATORS
e FOUR-CHANNEL SERVO — 12 CRITICAL COMPONENTS
FOUR DYNAMIC FEEDBACK SENSORS
TWO MANIFOLDS
ACTUATOR

e EACH ACTUATOR INCORPORATES TWO SWITCHING VALVES
e AUTOMATICALLY SELECTS ONE SYSTEM AFTER ANOTHER
¢ LIMITS REDUNDANCY AND RELIABILITY ACHIEVABLE

¢ CRITICALITY CATEGORY | HAZARD ITEM
e PRESSURE VESSEL
e STRUCTURAL MEMBER
e MARGINAL FLOW AVAILABLE FOR NORMAL THREE-SYSTEM
OPERATION
. e SIZED TO DELIVER 100 PERCENT DESIGN HM
e DIFFERENT HYDRAULIC SYSTEMS SUPPLY EACH ACTUATOR
¢ DISTRIBUTES HORSEPOWER REQUIREMENTS
e INCREASES FLOW REQUIREMENTS
o FLOW DEFICIENT FOR SINGLE SYSTEM OPERATION FOR LANDING
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ELEVON ACTUATOR €SS
EXISTING DESIGN .
R2 P2 P1 A1
f 1 ;
POS
ino L
Yo g e-le---—m--d---o-—Z-—-_--
ELEVON -4-1
TYPICAL 4-CHANNEL
CHANNEL SERVO — !
' 1213 ]| a P P 1y 3
R l ' ¢ — ’L‘napu " PL2Pry B
] ] ]
! ELECTRONIC 4P TRANS
, | ciréuITRY {111} POS F/B TRANS
! [~~— servo v. R .
; | -
1 r AV
| rk___
: 1 @) 110
] R
1 VDT \_ T
Q- SOL OPER . - T
T 3 BYPASS VALVE
Vi [
i SINGLE ACTUATOR
T PP 100 PERCENT HM
gLecTRONIC P Pa ,
Rradfic SINGLE LOAD PATH
TO PWR VALVES
SH
W&
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ELEVON ACTUATION

e EXISTING SYSTEM VULNERABLE TO FAILURE IN 10-YEAR OPERATIONAL LIFE
e ANALYSIS BASED ON COMMERCIAL AIRCRAFT SERVICE RECORDS
e AVERAGE IN-FLIGHT TIME ABOUT SAME AS ORBITER
e NO ON-ORBIT TIME FOR COMMERCIAL AIRCRAFT

e ANALYSIS INDICATES LOW PROBABILITY OF ACHIEVING “NO FAILURES”

RECOMMENDATION |
o INSTALL TANDEM ACTUATORS INCORPORATING

e "FORTRESS" PROGRAM

e FRACTURE CONTROL PLAN OR DUAL LOAD PATH
® RIP STOP CONSTRUCTION
e OPTIMUM DESIGN
e SUPERIOR QUALITY CONTROL
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ORBITER ASSESSMENT : 1’3‘555\5

ELEVON ACTUATION

ROCKWELL PROPOSED TANDEM ACTUATOR DESIGN

o ELIMINATES ALL SFP'S AS A PRESSURE VESSEL IN ACTUATOR PACKAGES

» EACH HALF OF ACTUATOR PRODUCES 100 PERCENT DESIGN HINGE
MOMENT

e ADDED TWO LINKED SHUTOFF AND BYPASS VALVES
e ADDED FOUR-CHANNEL SERVO FOR EACH ELEVON PACKAGE
e ADDITIONAL ELECTRONIC CIRCUITRY
e MODIFIES ASA HARDWARE
e 7.5-PERCENT INCREASE IN HYDRAULIC POWER REQUIRED
e ACTUATOR LENGTH INCREASE
e WING STRUCTURE MODIFICATIONS REQUIRED
e NEW ACTUATOR SUPPORT FITTINGS REQUIRED

sscoommaLL m..é% : é'pe Sﬂu;%ﬂ

TANDEM ELEVON ACTUATOR

ROCKWELL PROPOSED DESIGN

: P2 R2 R3 P P1 T‘
POSITION SWITCHING ‘
INDICATOR VALVE POWER

]l VALVES
! 4CHANNEL ! = ——— 4CHANNEL |
i SERVO :%l - A SERVO |

—r L
SHUTOFF AND . —||= =
BY-PASS VALVE
WITH POSITION Dll= — o
INDICATOR ﬂ
4 CHANNEL Low——-{ﬁ:% IL—_::J’
DELTA P |
TRANSDUCERS [t — C ]
——
C == o
4 [ |
LCHANNEL‘—/
POSITION F/B
TRANSDUCER
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ELEVON ACTUATION

e MDC PROPOSED TANDEM ACTUATOR PACKAGE

ELIMINATES ALL SFP'S AS A PRESSURE VESSEL IN ACTUATOR PACKAGES
e 76 COMPONENTS NO LONGER CRITICALITY CATEGORY | ITEMS
e REROUTES SYSTEMS WITHIN ACTUATOR PACKAGES

e SUPPLIES SEPARATE POWER TO EACH CHANNEL OF EXISTING
FOUR-CHANNEL SERVO

e EACH HALF OF ACTUATOR PRODUCES APPROXIMATELY 50 PERCENT
DESIGN HINGE MOMENT

e NORMAL OUTPUT 100-PERCENT DESIGN HINGE MOMENT WITH ANY
TWO HYDRAULIC SYSTEMS OPERATIVE

. S Shup,
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MCDONNMELL DOUGL‘:/\_
A
Ty é’
TANDEM ELEVON ACTUATOR ess¥
MDC PROPOSED DESIGN
R2 P2 P3R3 P1 R1
\
R v 'L-ﬁ----:_,__-___-_-_.._l_.' SOL OPER
[ p—— e + : SHUT.OFF VALVE
el el il (e e 1 b g;l@ B
|' ' : L L1 1
i | v, POS SWITCHING SWITCHING
TYPICAL N IND VALVE VALVE ~
CHANNEL N T
L .
L R ELEVON
_____ 4 CHANNEL
r SERVO
: 1 |2 || 3 | 4 1
I
: | 3P TRANS AP TRANS
| ELECTRONIC b »——EE»———«
! Mﬂcunav na
] 4 —
! SERVO V. [ 17 i
[}
‘o ¢ O O
]
'} TLvoT \ [ 11 | »
(]
i SOL OPER \
E: BYPASS VALVE TANDEM ACTUATOR
= REVISE TO BYPASS AT (50 PERCENT HM/HALF)
ELECTRONIC P_ Py 0 PS| AND WHEN ENERGIZED. ::¢STURE CONTROL DESIGN OR DUAL LOAD
CIRCUITRY . {SHOWN AT 0 PSI IN BYPASS
RIP STOP CONSTRUCTION
7O PWR VALVES AND DEENERGIZED)
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' ORBITER ASSESSMENT Ty “é"?
ELEVON ACTUATION £ss
(CONT)

e IMPROVED SURFACE RATES FOR NORMAL OPERATION

e HALF OF ALL TANDEM ACTUATORS SUPPLIED BY SAME
PRIMARY SYSTEM o

e FLOW REQUIRED NOT INCREASED WHEN ROLL CONTROL SUPER-
IMPOSED ON PITCH CONTROL

¢ NORMAL SURFACE RATES FOR SINGLE SYSTEM OPERATION
e SOL OPER VALVE SHUTOFF WHEN ONLY ONE HYDRAULIC SYSTEM

IS OPERATING

_ e ONLY 50 PERCENT FLOW REQUIRED ’ o
ON ALL ACTUATORS ‘ :

e PRODUCES ADEQUATE HINGE MOMENT FOR LANDING

o q REDUCED FOR SLOWER SPEEDS
e LOADS REDUCED

mcoonneLs ...,..,.L@/_ é‘pﬁ SHU"}«\
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ORBITER ASSESSMENT

T,
ELEVON ACTUATION =32t fs

30.1 LIE
+148 ROE
EXISTING SYSTEMS ARRANGEMENT 449
ROLL 20°/S
SYs2 svs3 +30.1 LIE
 _148 ROE

30.1 GPM 148 GPM 153
[;] COMBINED 44.9+153=602 GPM/SYS -

T _
LOE UE RIE ROE pﬁm/fﬁs
72 LOE

150 LIE
15.0 RIE
MDC PROPOSED TANDEM ARRANGEMENT —2R0E
4
Jsvsi SYs 3 ROLL 20°/S
- , + 72 L0E
726mM | fiso cpﬂ 1S0GPM| |72 GPM 210 RiE

] — 72 ROE

, , ° e
LOE LIE RIE ROE COMBINED 44.4+0 =44.4 GPM/SYS
25% REDUCTION IN FLOW REQUIRED
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ORBITER ASSESSMENT 6

MDC PROPOSED SYSTEM VERSUS BASELINE SYSTEM

ONE HYD SYSTEM OPERATION TWO HYD SYSTEMS OPERATION
MDC PROPOSED SYSTEM MDC PROPOSED SYSTEM
PUMP FLOW LIMIT PUMP FLOW LIMIT
‘ '\\\/
: ~—— — ELEV RATE
7 : . 'LELEV/AI ‘*s.,_ OPERATION
o . L ,M’TEDZC“TES e »
L . b | o~

W 20 - w 20

= =

@ R} o

E MIN @ BASELINE

< BASELINE CONTINGENCY O SYSTEM

a 10+ SYSTEM ; 10

o - w
ad
w

1 ] 1 e
% 10 20 30 9% 16 20 30
RUDDER RATE %S RUDDER RATE %/S
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ORBITER ASSESSMENT
E SS

ELEVON ACTUATION

e MDC PROPOSED DESIGN (Cont'd)

SMALLER IN DIAMETER THAN EXISTING DESIGN
SAME PIN CENTER LENGTH

e INTERNAL TAIL ROD

e NO CHANGE IN WING STRUCTURE

e NO CHANGE IN SUPPORT FITTINGS
RETAIN FOURCHANNEL SERVO

e NO CHANGE IN ELECTRONIC CIRCUITRY

e NO CHANGE IN ASA HARDWARE
RETAIN TWO SWITCHING VALVES AND CONTROL VALVE
CIA)II-)VEONTROL VALVE AND SMALL SOLENOID OPERATED SHUTOFF
WEIGHT CHANGE LESS THAN 100 LB FOR ORBITER
WEIGHT SAVING POSSIBLE BY FUEL MANAGEMENT
COST ESTIMATE

o EQUIVALENT TO CHANGE FROM H/R TO MOOG

e (ROM) $5M FOR 4 SHIP SETS AND FCHL

SCHEDULE IMPACT 15 MONTHS
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TANDEM ELEVON ACTUATOR  ess¥
MDC PROPOSED DESIGN
INTERNAL TAIL ROD
EXISTING ACTUATOR ENVELOPE
33 = TN ke nnnuu,;;,,;,,,,,,,,{ 72777 |

EXISTING ACTUATOR PIN CENTER LENGTH

S
‘ ‘cﬁ- HU))
4 - £
AMCOONNRLL DOUGLAS

. A
: Ty, S
WEIGHT IMPACT SEss®

WEIGHT ESTIMATE (ROM) ROCKWELL MDC )

SUBSYSTEM _ DELTAWEIGHT (LB)  DELTA WEIGHT (LB)
WING STRUCTURE +200 : 0
TAIL STRUCTURE (PDU SUPPORT) + 20° 0
HYDRAULIC ACTUATORS, LINES, FLUID + 640 (1240)* ** +100
RUDDER/SPEED BRAKE PDU + 65 .20
ELECTRICAL AND AVIONICS + 60 0
TOTAL INERT WEIGHT CHANGE +985°* +80

*ASSUMES NO ENVELOPE CHANGE IN TAIL STRUCTURE — OTHERWISE TAIL
STRUCTURE AWEIGHT = + TBD

$*ASSUMES NO°APU'S CHANGE CONSUMABLES WEIGHT = + TBD
* **WITH DUAL LOAD PATH ACTUATOR
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TANDEM ELEVON ACTUATOR

o RIP STOP CONSTRUCTION

o SINGLE FAILURES DOWNSTREAM
OF SWITCHING VALVES

o SINGLE HYDRAULIC FAILURE
IN 4 CHANNEL SERVO

o ALL SYSTEM OPERATIVE

o FAIL ONE SYSTEM UPSTREAM
OF SWITCHING VALVES ~

o FAIL SYSTEMS 1 AND 3 UPSTREAM
OF SWITCHING VALVES

o FAIL SYSTEMS 1 AND 2 UPSTREAM
OF SWITCHING VALVES

o FAIL SYSTEMS 2 AND 3 UPSTREAM
OF SWITCHING VALVES

mMCcooONNELS pouaxg_
{

ORBITER ASSESSMENT

EXISTING
SINGLE
ACTUATOR PACKAGE

A
- S
Psegen®

MDC PROPOSED
TANDEM
ACTUATOR PACKAGE

NO

LOSE ORBITER
LOSE 3 HYDRAULIC
SYSTEMS.

LOSE ORBITER
LOSE 3 HYDRAULIC
SYSTEMS,

COMBINED COMMANDED
SURFACE RATES MARGINAL,
THEREFORE PRIORITY RATE
LIMITING WAS USED. (NOT
SUCCESSFUL ON ALT 101).

FAIL OPERATIONAL

MAY LOSE ORBITER, SINGLE
SYSTEM FLOW AND SURFACE
RATE DEFICIENT AT LANDING

MAY LOSE ORBITER, SINGLE
SYSTEM FLOW AND SURFACE
RATYE DEFICIENT AT LANDING

MAY LOSE ORBITER, SINGLE
SYSTEM FLOW AND SURFACE
RATE DEFICIENT AT LANDING

YES

1/2 HINGE MOMENT AVAILABLE
NORMAL LANDING

{WILL NOT LOSE BOTH SYSTEMS 1 AND 3
WITH ANY SINGLE FAILURE)

FAIL OPERATIONAL
NORMAL LANDING

COMBINED COMMANDED
SURFACE RATES AVAILABLE
WITHOUT PRIORITY RATE LIMITING

FAIL OPERATIONAL

FAIL OPERATIONAL -

NORMAL LANDING

1/2 HINGE MOMENT AVAILABLE
NORMAL LANDING

1/2 HINGE MOMENT AVAILABLE
NORMAL LANDING $GEN-23763¢

£ SHy,
o KA

ORBITER ASSESSMENT

A
S
1('1?159:-,\*

FLIGHT TEST ORBITER RELIABILITY

e MORE RISKS INHERENT IN FLIGHT TESTING

o |F ADDITIONAL RISKS ARE ACCEPTABLE FOR FLIGHT TESTING
EXISTING ORBITER MAY BE USED FOR FLIGHT TESTS -

¢ MINIMIZE RISKS BY INCORPORATING

e “PEDIGREE” PROGRAM FOR
e SSME-TVC ACTUATOR PACKAGES

e RUDDER/SPEED BRAKE PDU
e ELEVON ACTUATOR PACKAGE

e LIMIT ON ORBIT TIME TO SHORTER MISSIONS
o INCORPORATE OPERATIONAL REVISIONS AS SOON AS POSSIBLE

e FLIGHT TEST PROGRAM ESTABLISHES
‘o CONFIDENCE LEVEL FOR HYDRAULIC SYSTEMS
e VALIDITY OF REQUIREMENTS

e MAINTAIN FLEXIBILITY TO ALLOW FOR REQUIRED REVISIONS
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ORBITER ASSESSMENT SUMMARY

e INCORPORATE RECOMMENDED REVISIONS
o SSME TVC ACTUATOR PACKAGES
« FORTRESS PLAN
e RUDDER/SPEED BRAKE HYDRAULIC PDU
« MDC PROPOSAL

o TANDEM ELEVON ACTUATOR PACKAGES
o MDC PROPOSAL

e ELIMINATES 100 COMPONENTS FROM BEING CRITICALITY
CATEGORY | HAZARD ITEMS '

e INCREASES CONTROL SURFACE RATES AVAILABLE DURING
CRITICAL APPROACH AND LANDING PHASE OF FLIGHT

S SR oo

SPACE SHUTTLE
"HYDRAULIC SYSTEM ASSESSMENT

SUMMARY
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HYDRAULIC SYSTEM ASSESSMENT S
SUMMARY
e FINDINGS APPLY TO OPERATIONAL SHUTTLE
~ @ BASELINE FOR ASSESSMENT IS OV102 CONF IGURATION -
® RELIABILITY IS EQUAL TO TRANSPORT AIRCRAFT
e SFP ITEMS IDENTIFIED:
TOTAL  CLOSED®  OPEN
e BOOSTER 234 180 64
e ORBITER 471 316 225
705 496 289
% CLOSED — ADD'L TESTS INDICATED O.K.
— CORRECTIVE ACTION TAKEN
mMCcooONNELL mn.‘“% fg"gﬁ SHU"“
=
SFP SUMMARY Treset®
BOOSTER
QTtyY OF
NO. ITEM STATUS  SFP'S REMARKS RESPONSE EFFECTIVITY
1.0 SRB COMPONENTS
1.9  SRB RESERVOIR OVERFILLING OPEN SFC4 LAUNCH HOLD WARNING FOR
— RELIEF VALVE CAPPED OVERFILL, UNCAP RELIEF
VALVE
12 SRB SERVICE DISCONNECT OPEN SFC4 PROVIDE LOCK TO KEEP
PANEL SHUTOFF VALVE FROM
ROTATING IN PANEL
1.3 PIPING AND HOSE FAILURE OPEN SFC4 PERFORM PUMP RIPPLE
FROM PUMP RIPPLE TESTS
AND SURGES
1.4 WI'TC“ING VALVE JAMMED OPEN [ ADD INLET SCREENSTO
-TVC REDUCE CHANCE FOR
JAMMING
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SFP SUMMARY Toesed®
ESS
Qary OF
NO. ITEM STATUS SFP'S REMARKS RESPONSE EFFECTIVITY
15 POWER VALVE OPEN [} ADD INLET SCREENS TO
JAMMED - TVC REDUCE CHANCE FOR
JAMMING
1.6 LOCK VALVE JAMMED - TVC OPEN 4 ADD INLET SCREENS TO
REDUCE CHANCE FOR
JAMMING
1.7  PISTON SEAL FAILURE - OPEN 4 ADD BARRIER SEAL
18  FAILURE OF SWITCHING VALVE NOTE: THIS RESULTSIN
TO FUNCTION PROPERLY ~ TVC A CRIT 1U CONDITION
SEAL NO.2 OPEN 4 WHEN COMBINED WITH
SEALNG.3 OPEN 4 LOSS OF A HYDRAULIC
SYSTEM. ADD CHECK
VALVES AT INLET
. 'pe sHUf)
Q <
mCcooOMNELL m&% L P \“
i
SFP SUMMARY £ss
Qary of
NO. TEM STATUS SFP'S REMARKS RESPONSE EFFECTIVITY
{
19 LOSSOF TVC OPEN ] PROVIDE POSITIVE LOCK
ACTUATOR
PACKING GLAND
110 TVC ACTUATOR OPEN 18 REEXAMINE DAMAGE
STRENGTH TOLERANCE ANALYSIS
MARGINS NOT
VERIFIED
1.1 SINGLE EXPLOSIVE OPEN SFC REGROUP SYSTEMS
EVENT NEER STA 1307 (MANY) ON STA 1307 AND

CAN LOSE 3 SYSTEMS

PROVIDE BARRIERS
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SSME-TVC, ELEVON, R/SB,
BODY FLAP

JAMPROOF VALVES
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SFP SUMMARY Boreen®
ORBITER (CONT) e
QryY OF
NO. ITEM STATUS SFP'S REMARKS RESPONSE EFFECTIVITY
20 ORBITER COMPONENTS
2.1 ORBITER HYDRAULIC PUMP PRESS OPEN 3 NEED ADDITIONAL TEST DATA
RIPPLE NOT COMPLETELY IBENTIFIED
22 ORBITER HYDRAULIC PUMP CASE OPEN 3 NEED ADDITIONAL TEST DATA
DRAIN LINE SURGES MAY EXCEED
PUMP CASE OR SHAFT SEAL
STRENGTH LIMITS
2.3  ABRUPT LINE SIZE REDUCTION AT “T" OPEN MANY  STEP DOWN LINE SIZE IN
FITTINGS SMALLER INCREMENTS
24  HYDRAULIC FLUID LEAKAGE EFFECTS  OPEN MANY  PROVIDE LEAKAGE SUMPS
ON TPS AND HYDRAZINE LINE AND SEAL FAYING SURFACES
INSULATION OF FUSELAGE SKIN
25 HYDRAULIC FLUID LEAKAGE ON OPEN 3 PROVIDE CONVOLUTED
HOT APU EXHAUST SCREEN TO PREVENT DIRECT
IMPINGEMENT OF FLUID ON
HOT SURFACES :
€ SH,
7/ Q‘O U)‘)(
mMcooOnNNELL ”WL& “ A “\
i
% <
SFB SUMMARY sesen
QaTyY OF
NO. ITEM STATUS SFP'S REMARKS RESPONSE EFFECTIVITY
28  FREON LEAKAGE INTO OPEN NUMERQUS  TEST EACH HEAT
HYDRAULIC SYSTEM EXCHANGER
2.7 ORBITER WHEEL BRAKE HOSES OPEN SFC.2 RELOCATE ONE PAIR TO
AND PIPING BREAKAGE FORWARD SIDE OF
SHOCKSTRUT
28 LEAKS FROM BRAKE CONTROL OPEN NUMEROUS A. BACKUPLEEPLUGS
MANIFOLD BETWEEN SWITCHING B. ADD BARRIER TO SEALS
VALVE AND FLOW LIMITER C. PERFORM DAMAGE
- TOLERANCE ANALYSIS
29 POWER VALVE JAMMED OPEN 19 ADD INLET SCREENS AND
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SFP SUMMARY Tses®
1335
ary oF
NO. TEM STATUS  SFP'S REMARKS RESPONSE EFFECTIVITY
2.0 PISTON ROD GLAND RETENTION OPEN ] PROVIDE POSITIVE LOCK
— ELEVON ACTUATORS
2.11 R/SB MANIFOLD UNION SEALS OPEN 16 RELIEVE SURFACE TO MINI-
MIZE SEPARATING FORCE TEST
g o SHU'\'?
MCOONNELL DOUGLAS 9 «
E«
SFP SUMMARY T
ORBITER (CONT) e
Qry Of
ND. TEM STATUS SFP'S REMARKS RESPONSE EFFECTIVITY
212 R/SB BRAKE FAILURE OFF OPEN 6 _ PROVIDE REDUNDANT
" BRAKE MECHANISM
213 RUPTURE OF HYOR PRESS. AND OPEN 12 ADD NO-BAK TO OUTPUT
RET LINES TO R/S8 MOTOR SHAFT
214 BODY FLAP BRAKE FAILURE OPEN 3 PROVIDE REDUNDANT
BRAKE MECHANISM
215  ACTUATORS NEED FRACTURE OPEN 1" IMPLEMENT AS SOON
CONTROL ANALYSIS AS POSSIBLE
2.6 PRESSURE VESSEL FAILURES OPEN 1] PDU REDESIGN
DOWNSTREAM OF SWITCHING {(+84  (PER DAC)
VALVE. R/SB 8OLTS)
217 ELEVON ACTUATORS - OPEN 76 ELEVON REDESIGN
INADEQUATE RATE AND (+312  (PER DAC)
FAILURES DOWNSTREAM BOLTS)
OF SWITCHING VALVE
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HYDRAULIC SYSTEM ASSESSMENT
SUMMARY (CONTINUED)
BOOSTER ARCHITECTURE 2 REDUNDANT SYSTEMS ACCEPTABLE
ORBITER ARCHITECTURE 3 REDUNDANT SYSTEMS ACCEPTABLE
POWER SUPPLY APU/PUMP ACCEPTABLE
HORSEPOWER DEFICIENT FOR ELEVONS
EXCESS FORR/SB
CONTROL SYSTEMS
SRB TVC 2 IMPOSE FORTRESS CONCEPT .
SSMETVC IMPOSE FORTRESS CONCEPT
SSME FUEL CONTROL ACCEPTABLE
BODY FLAP _ ACCEPTABLE .
RUDDER/SPEED BRAKE REPLUMB TO MINIMIZE SFP'S
ELEVONS INSTALL TANDEM ACTUATORS
’ AND REPLUMB TO MINIMIZE
SFP'S
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DOCUMENTATION RECORDS
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C.1 TECHNICAL DOCUMENTS AND REPORTS
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DOC. NO.

1.1
1.2

1.3

1.4

1.5
1.6
1.7
1.8

1.9

1.10

S

1.12

1.13
1.14
].]5

* HISTORICAL DATA FROM JSC
DOCUMENT

Space Shuttle Main Engine Hydraulic System (Briefing)
Shuttle Critical Seals Presentation to J. Yardley, SSV76-36,

- August 27, 1976 (Document)

E&D Summary Review of the Orbiter Hydraulic System, September 21,
1976 (Briefing)

Hydraulics Systems Assessment Review, SSV76-38, September 22, 1976,
(Document)

SRB TVC Sytem, Septémber 22, 1976 (Briefing)
SRB TVC Actuator, October 1976 (Briefing)
SRB TVC Hydraulic System Assessment, October 1976 (Briefing)

Space Shuttle Ascent Flight Control Requirements, November 1976,
(Briefing)

Shuttle Hydraulics Assessment, December 23, 1976, (Memo to Associate
Administrator for Space Flight)

Status and Closeout of Recommendations of Dr. W. C. Williams'
Hydraulic Review, March 30, 1977 (Memo to Manager, Space Shuttle
Program)

Space Shuttle Systems Failures Resulting in SSME Shutdown,

April 2, 1976 (Memo’ to Manager, Space Shuttle Program)

SSV77-32 (Only Orbiter 102 Critical Design Review Subsystem
Hydraulic Related Briefings (Preliminary Draft)

Sections included) _

MC621-0061A Body Flap - Structure Technical Requirements
SD75~-SH-0003 Hydraulics/Shuttle Critical Items List - OV-102

SD75-SH-0007A (2) 0V-102 Orbital Flight Test Configuration
: Failure Mode Effects Analysis - Rudder/Speedbrake
and Body Flap Actuation Subsystems

SD75-SH-0011A (2) 0V-102 - Orbital Flight Test Configuration
- Failure Mode Effects Analysis - Hydraulic
Subsystem
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2.1

2.2

2.3

2.4

2.5

DOC._hO.

ADDITIONAL HISTORICAL DATA FROM JSC
DOCUENT

SSV76-46, Orbiter Hydraulic Subsystem Assessment Review, Hovember 3,
1976.

SSV77-7, Rudder/Speedbrake and Body Flap Mechanical Systems Design
Assessment (W. D. Wilkerson Committee), February 9, 1977 :

Single Point Failures Review of R/SB, Body Flap and Hydraulic
Motors, March 1977.

SSV77-17, Hydraulic Subsystem Review (Williams, Yardley, & Malkin),
ppril 1, 1977

Briefings on Selected Single Point Failures:

2.5.1 Landing Gear Actuators February 15, 1977
2.5.2 Broken Shafts (R/SB & BF) March 11, 1977
2.5.3 Jammed Gear Boxes April 14, 1977
2.5.4 Clogged Filters April 14, 1977
2.5.5 Jammed Spools April 14, 1977
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Date and From Ho. Document \\o‘é@ ’\é‘?(
8/24/7 NASA Trip |3.1| Flight Control Review 10/5/76 by
8/24/7 NASA Trip |3.2| SRB TVC Actuator System Model 19 Jul 76 i
8/24/7 NASA Trip :3.3{ SRB TVC Subsystem Description Sept. 76 13A10130 l"7// !
8/24/7 Jim Cham., | 3.4 | Hyd System Safety Verification Questions Sept. 76 i t‘f// |
T8/24/7 NASA Trip |3.5| SRB TVC System Design 3 Apr 75 ~ [ 9
8/24/7 NASA Trip |[3.6| FCHL Test Plan SD74-5H-02658 AN

B o 3.7 PCRB Level 11 7/20/77 } i...i.f._

3.8] PCRB Level Il 8/20/77 I

9/1/7  Alex Kale | 3.9! Reliability Requirements Table 5/12/75 RA-M025282 AN
9/1/7  Alex Kale B.10| R&S Desk Inst. (RI) 400-1 Hazard Anal. Proc. I A
9/1/7  Alex Kale B.11| RS Desk Inst. (RI) 400-3 Safety & Trade St. AN

[79/1/7  Alex Kale (.12 RaS Desk Inst. (RI) 400-7 Hazard Tracking Proc. ] 'r?/z |
9/1/7  Alex Kale B.13[ RaS Desk Inst. (RI) 200-1 RFP Proc. Pkg Prep. | | Bl
9/1/7 Alex Kale 3.14| Sys. S Requirements for Suppliers and Subcontractors g ,7/2‘ i
9/1/7 Alex Kale 3.15’ Revisfon Notice to JSC 10888C (Chg 2) 10 Aug 77 i /] i
9/1/7  Alex Kale [3.16) Space Shuttle Orbiter/System Integ. Cont. Mgm't Plan i 9 i
8/28/7 NASA Trip [3.17{ Alt Project Safety Assessment P
8/24/7 NASA Trip [3.18( S,R,M8QA Provisions for SS NHB 5300-4(10-1) ' ﬁ/[ j
8/24/7 NASA Trip [3.19] Major Safety Concerns, Space Shuttle Program i % L

[ 8/28/7 NASA Trip [3.20} Servo Actuator, Elevon MC621-0014 (0V101) ! 7/1 ;
9/13/7 S. Truelock3.21 [ 0V-102 COR, S Analysis Rpt, Vol. III, Mech. System 73 1
9/12/7 S. Truelocl%3 22} S Analysis Rpt, Cmts on Hazard Anal. CDR 0V102 _?/z !

[ 9/12/7 s. Truelock3. 23| Shuttle Orbiter OV-102 COR S Anal. Rpt, Vol. V ,;7

| 9/9/7 "Bob Wnite [3.24| Tefinition of Shuttle Criticalities el 1
9/20/7 F. Elam 3.25| Rpt. Aerosurface Redun. Mgt for SS HI 3/5/76 H
9/1/7 ~ Rlex Kale [3.26| R&S Desk Inst. 400-2 Safety Requirements 7]
9/20/7 Bob White [3.27! Hyd Subsystem Req'ts SD72-5H-0102-6 Rev. 1/3/77 i
9/20/7 ~ Bob White [3.28] CCB Briefing & MCR from W. Williams MCR 4313 Ser )77 7/
9/20/7 Bob White {3.29] OV-101 Main & Nose Landing Gear Cert. Tests Jun 77(RI)

__9/20/7 Bob White |3.30| Reqm't/Defn Doc. Aero F1t Cont Subsys. Vol 2-9 28 Oct74

_9/20/7 White/Elam 13.31' Summary of Undetected Failures (Working papers)

JLZ_IZ7 Alex Kale [3.32! FMEA Instructions, Pg's 8-16 & 27; D1 100-2D

| _9/21/7__ Rlex Kale |3.33{ 0V102 OFT FMEA LDG/DECEL SD75-SH~0009A

_9_/_2_7_/_7- Dick Perry|3.34] JSC PRACA, JSC 09296 Sep. 76

| 9/27/7  Dick Perry|3.35] JSC Shuttle Full Prob Rpt (Comp Printout) 9/15/7

9/27/7  Bob White |3,36) APU Usage Timeline for OFT 1, Memo 14 Sep 77
9/_27_/7_&!) White {3.37; Hyd Sys Thermal Condition CR 2598
9/?7/7 __Bg_b_ Wh{ite [3.38{ 3 APU/HYD Systems MCR 0653-R3

168




- SSHSA - 3.0 (Cont,)
Date and Frum , 3'12: Document \%;’%\%’%:%-\\

10/2/7 Bob White 13.39] Minutes Hyd Servoact Des Rev 8/23/7 @ RI i
10/11/7 Bob White 3.40f Orbiter Tubing Cert TSR 9/30/77 w/ltr ES2-587-77 l '
10/11/7 Bob White 3.41| Orbiter Tubing Verif. Plan SE 75-SH-0205A Oct. 76 | |
10/11/7 Bob White  '3.42] FVMEA Moog SSME-TVC Servoact MR R-1970, Rev. B 7/20/7 | | | | |
10/11/7 Bob White 3,43 MCR 3 APU/Hyd Systems Rev. 4 1/14/77 )
9/12/7 Bob White |3.44! Minutes & PRCB Dir for Level II PRCB/Sys Rev. Aug. 29, {77 P
10/14/7 A;lex Kale §3.45 Actuator Control Plan 6/16/75 SD 75-SH-0157 j !

710/14/7 Alex Kale |3.46] Shuttle Master Verif Plan, Rev. B JSC-07700-10-MVP-10 | | | | |
8/17/7 Bob White ' 3.47' OVI02 COR Subsystems Briefings SSV77-32 1 Aug 77 A
10/25/7 Bob White |3.48; OFT-1 CRIT Functions Assmt Mission Phases SSV77-38R 10/16/1 | |
10/2777 Alex Kale ' 3. 50. OV-102 FMEA 05-6G Hyd/Avionics SD75-SH-0181A : o {
10/28/7 Bob HWhite 3.5); JSC/FOD Dwg's (3 copies) 12.2 (Item 24) | i i I i
10/31/7 Bob White 3.521 Abex Pump Qual Test - 4 vol's by
11/7/7 Bob White !3.5% Alt Hyd Sys Cert Test & Anal SD-77-SH-0229 ; '
11/14/7 Alex Kale 3,32, FIEA Instruction, Pgs 18 to 22 DI 100-2D ]
11/23/7 Alex Kale v'l3 32° FMEA Instructions, DI No. 100-2D R.I. 7/17/75 l P
11/11/7 Bob White |3 54l Requirements/Definition Doc Ldg/Decel Subsys 5D72-SH-0102-1

12/5/7 Bob White

,3 55; RI 1tr to JSC, Updates of Math Models/Act Sys 11/10/77?

BTSN ETRgey QU P

!
L
12/5/7 Bob White |3.56] Level II PRCB/Sys. Review Minutes 25 Oct. 77 P
"1376/7 Dale tHaines 13.57; 0V-102 R;sewoir Press. Sys. RI Letter 1 Sept 77 3 : ;
12/5/7 Bob White 13.58 0V-101 Hyd. Hardware Blkhd 1307 Acoustic Test 11/29/77§ tod l ' i
12/5/7 Bob White |3.59| Documentation Request, JSC 1tr to Rl 10/26/77 Ly ] }
12/5/7 Bob White 3.60] Cryotanking/SSME Chilldown Test JSC Msg to RI 11/71____; ’L o | 1
12/8/7 Bob White 3.6l Seal Tests NASA JSC Memo dated 8/27/76 K f i ‘
~1 12/19/7 Bob White 3.62 Space Shuttle CDR Minutes (Oct 27, 77) dated 11/8/77 ' ¢ @ i | ' 1
12/19/7 Bob White 3.63 Low Cost Sys for Emerg Hyd Power on FMDF, NASA 1tr 12/8}'7? 5 3 1
1/18/8 S. Truelock | 3.64] Special FMEA for Orbiter Elevon Act's 1/10/78 i {
1/18/8 S. Truelock | 3.65 Orbiter Fluid Venting, TIR 5-2630-2692 1/18/77 |
1/18/8 S. Truelock | 3.66] Nonredundancy of Static Hyd Fluid Seals; 0-22 3/4/77 P ‘
1/18/78 S. Truelock i 3,671 Orbiter Nose & Main Ldg Gear Dep‘loyment. 0-17 6/28/76 i i
1/23/8 Wes G. 3.68 Actuator Control Plan SD-SH-0157 & Chg No. 1 8/27/77 i [ } |
1/24/8 Wes G. 3.6¢ FCHL and OV-101 Response to Pump Ripple 2/11/77 - ngé(:gig !
1/30/8 Bob White ;3.70; Report, Structural Anal. Moog SE06, Rev. F 10/14/77 P
2/8/8 Bob White | 3.71} Elastomeric Seals Study for SSME Act, 12/3/76 |
_2/28/78 Bob White 3.72 Minutes of ORB/R.I. Tech Status Rev. 1/19/78 !
3/1/78 Bob White 3.73 Structural Analysic Rpt. (SSME-TVC) MOOG 7/20/77
3/6/8 Bob White |3.74[ Moog Dwg's Flange; Servo Face; Leakage Control i
3/3/8 Steve T. 3.751 JSC-~0770, Vol, X Reli Req'ts & Dev/Waivers Authorized L
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Date and From ggc Document . \0?,% %%\\\%
3/13/8 Steve T. |3.76|Major Safety Concerns Space Shuttle Program 2/17/78 J3COPR9PF
3/23/8 Steve T, 13.77] JSC-07700, Vol. X, Para. 3.4.4.1 (pg's 3-91 to 93; 107 fo|10p)
3/24/8 Bob M. 3.78{ Orbital F1t Test, SD76-SH-0022, Vol, 3 2/24/78
4/6/8 Bob W, 3.79f Aerosurface Servo Amp/Act Integ. Testing JSC-13816 1/78
4/28/8  Bob W. 3.80f R.I. Req. for App. of APU Potential l1g. Temps 4/19/78
5/15/8 Bob W, 3.8l Minutes ORB Level III CCB 4/10/78
5/15/8  Bob W. 3.82; Schematic - Hyd Subsystem, ORB VFT V570-580997
5/26/8 Bob W. 3.83| Orbiter Brake Tests - ER 4668 7/26/77
6/2/8 Bob W, 3.84 Ltr to NASA Dr. Williams Hyd Re\g'ew Action Items 5/22/(8 |
6/7/8 Bob W. | 3.85] JSC Review of MDC Hyd Assess®Int.Problem List 6/78 Il
6/7/8 Bob W. 3.8§ JSC Review Request of MDC Assessment Concerns of Dec. A7 '6)_2/78
6/74/8  Bob W. 3.87' Minutes & PRCB Div's for Spec. Lev. I1 PRCB :5/16(7
7/6/8 Bob W.  |3.88] MAC DAC Hyd Assessment Review (R,I.) 7/5/78 L
7/12/8 F. Slemmer {3.89| Seller Config. Baseline Doc, Moog 4/28/78 '
i}
-[ 13
!
!
BN
f
P
!
!
]
f
!
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Dzte and From ;:gc Document \%;(;g,?\\ ?T‘(f\’ N

9/21/1 _ Jim C. 4.1| R/SB HYM 3rd Rev, Sund/RI/NASA @ Moog 7,8, 9 Sep 77 | ! : '
9/21/7 Jim C. 4,21 Moog CDR, RID Elect Ave Marking 9/7/77 L
9/21/7 Jdim C. 4,3 | Moog CDR, RID Material Usage Rationales 8/30/77 § I
9/21/7 Jim C. 4.4 | R/SD HVM Dwg Review Notes (undated) R
9/21/7 Jim C. 4.5| Data & Dwg. Rev. Moog Hyd Valve Mod, Conts 9/2/77 B
9/21/7  Jim C. 4.6 | Minutes, Sp. Level II PRCB, SRB CIL Reg. Cha 9/6/77 ! ! |
9/21/7 Jim C. 4.7 | RID JSC-1, Lack of Stress Anal/Test Data 7/27/7 Tvc acpel | ! § !
9/21/7 Jdim C, 4.8 RID M-E-63, A07905 Retainer, Threaded (ND) &csver ‘ : I |
9/21/7 Jim C, 4,91 RID 483043-CDR-B001, Lee Jet Barrier 8/10/7 P { |

9/29/7 Jim € 4.10] OV102 TCS Heater Status Aug. 10, 77 R

9/29/7 Jim C 4.11] Fai1 Det & ISO (FDI) Cert Elevons & R/SB BN
11/8/7 Jim C, 4,12 Data on Alt Flight 5 Landing Memo 11/3/77 i | f
1/3/8  Jdim C. 4.13| Vol. II, Sect 5, SD73-SH-0097-2E, SSFCDB-ORB June 76 P
1/31/8 Jim C. 4.14{ APU Hydrazine Hot Surface Ig. Eval, TSR Jan. 78 (I
1/31/8 Jdim C, 4,15] Fire/Toxicity Safety Guidelines SD75-SH-0241 3/19/76 P '
2/8/8 Jim C. 4,16y DEV/Maivers Authorized (MJ07700-001, Vol. X) b i
2/23/8  im . |4.17] Contaminated Tile Vib, Test TPS #V-GES-135 1/13/78 N
5/23/8 Jim C, 4.18 | Longf tudinal Control Performance on FF5 (undated) Py
7/6/78 Jim C, 4.19] Aerosurface Hinge Mom. & Rates/Hyd Sys. Design 7/5/8 | ! | : |
R
SR

B

- b

o i
T
RN

.

*ND = No Date
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Date and From ;'Egc' rocument %‘6\,%’\%%}*\‘: \
9/30/7 Geo. Butler :fs.l SRB Problem Report Summary 7 Sept. 77 | | ]
10/4/7 Zack T. ' 5.2, EI Spec, Part 1, SRB TVC CPO13MO0001 4/4/77 { !
10/4/7 Zack T. 5.3] SRB System Data Book Vol. I SEO190832H(A) 6/77 _ |
10/4/7 Zack T. 5.4; SRB System Data Book Vol. Il SE0190832H(A) 6/77 | {
10/4/7 Zack T. 5.5{ SRB TVC Overall System Test Requirements 10/1/76 j
10/4/7 Zack T. 5.61 Requirements/DEF Doc. 3 & 4 SRM ST Test Art 4/77 !
10/10/7 Geo Butler 5.7¢ Filter MDM Failure Report No. 00009 Aug. 4, 77 | ; !
10/10/7 Geo Butler | 5.8] Quick Disc. Coup. Fail Rept No. 77-1086-DP Kaiser Jul 1p, 77| | i
10/10/7 Geo Butler ; 5.9; Quick Disc Coup. Fail Rept No. 77-1087-DP Kaiser Jul 19} 17 | |
10/10/7 Geo Butler [5.10{ Quick Disc Coup. Fail Rept No. 77-1088-DP Kaiser July 1, {771
10/10/7 Geo Butler [5.11! Quick Disc Coup. Fail Rept No. 77-1090-DP Kaiser Jul 19}, 77! |
10/10/7 Geo Butler {5.12{ Pump Shaft Broken DR 1559 MSFC Aug 23, 77 ] jo! f
10/10/7 Geo Butler 15,13} Random Small Amp/Freq Piston Motion PRR 001 Moog 8/1/77 A ‘
10/10/7 Geo Butler [5.14| Low Turbine Speed SRB 13/21223 Sundstrand Jul 27, 77 | i | | |
10/10/7 Geo Butler i5.15; APU Failed to Start SRB 11/21215 Sundstrand Jul 25, 77 | L i ]
10/1777 Geo Butler |5.16i SRB Problem Report Summary Oct. 7, 77 P
10/20/7 Geo Butler !5,17{ SRB CEI Spec, Part I CP0O13M00000B Apr 18, 77 oot
10/20/7 Geo Butler |5.18] SRB Verif. Plan SE-019-019-2H, Rev. A Jun 2, 77 NN
10/20/7 Geo Butler -{5,19] MSFC B & QA Plan for SRB SE-020-005-2H Oct. 12, 76 b i
11/8/7 Walt J 5.20] Abex FMEA Pump, Hyd Var Del Rev. 6/8/76 R
11/8/7 Walt J. 5.21] Moog FMEA/CIL MR R-2200, Sec. 3 & 5 Rev, 5/11/76 ' , i
11/14/7 Geo Butler [5.22 SRB Problem Report Summary Nov. 8, 1977 b
11/17/7 Moog Trip 5.23| Elastomeric Seals Study - SSME Act. MR E-2299 12/3/76 | | | |
12/21/7 Zack T. 5.24{ MFSC-PROC-166D Cleaning, Testing, etc. Hyd's 2/7/67 ’ vy
12/21/7 Geo Butler [5.25! SRB Problem Report Summary Dec. 12, 77 Pt
1/9/8 ﬂa'lt Je 5.26] SRB Assembly Checkout, 0&M Reg & Spec SE-019-051-2H 12(15/77 ! |
1/9/8 MWalt J. 5.27} SRB Prelaunch 0&M Reg & Spec SE-019-096-2H 8/1/77 | Eopod
1/9/8 MWalt J. 5.28 SRB Actuator Rate Reqmts; 1,3-TM-C0603-299 10/76 :
1/79/8 Walt J. 5.29 MPS TVC Servoactuator Vib Test Events; R.I. E :
1/12/8 Walt J. 5.301 FMEA for SRB SE 019-054-2H, Rev, C Nov. 1977 l '
1/23/8 Walt J. 5.31) Hazard Analysis for the SRB SE-019-101-2H Nov. 77 HER
1/25/8 ‘Geo. Butler ‘5.32i SRB Problem Report Summary January 18, 1978
1/31/8 Geo. Butler 5-33L.EIL for SRB SE019-127-2H Nov. 77
2/27/18 Geo. Butler _5_.34 S.R.B, Problem Report Summary Feb, 17, 1978
3/21/8 Geo. Butler [5.35| SRB Problem Report Summary Mar. 13, 1978
3/29/8 Walt J. 5.34 besiﬂ Verification Vib. Test Report HR 73300073 4/15¢7] ]
4/11/8  Walt J. 5.37i Seal Leakage Charts (Flow vs. Pressure) (undated) _
| 4/28/8° Walt 3. |5.38] SRE Problem Report Sumary April 24, 1978 ]
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- SSHSA - S.0
Date and From ° 0C. Document : a\ N2
No. 20 e

5/12/8  walt J. 5.39] Minutes Spec Level 11 PRCB-504499 4/26/78

(SRB & ORB TVC Mech. Feedback Assembly)

5/18/8 Geo. Butler|5.40] SRB Problem Report Summary May 10, 1978

6/27/8 Geo. Butler [5.41| SRB Problem Report Summary June 16, 1978

7/18/8 Geo. Butler ]5.42| SRB Problem Report Summary July 10, 1978
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C.2 SRBDRAWING LIST
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C.3 ORBITER DRAWING LIST
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MYORAMILEIC RPSEARCH & CORTRACT NO. LQDE

}l:r NANF SCTURING £O"PANY N&S3-27989 10eNT 0L340C0850
: ALENG 1A, CALEFRRIIA 81373
1iLe AUTHENTICATION
AULIC ACTUATICHN SYSTZK, S S ME
| D45 BISUMENT NUMIZR SHLEY REV  NOMENCLATURE . -
' S1ZE an. LIR OR DESCRIPTIAN

DEAMNINGS

€ TANT-475T12 1 P LINFAR TRANSDUCER ASSY -
¢ LHT=4T0T12-) 1 J  LINEAR TRANSHMER ASSY T
'3 LN T=410712-2 1 € WousinG -
3 LAT=479712+) 1 0 RING -
< LIT-470T12-C1 t - NSUSING -
.t LHT=4T9T12=1=)2 1 8 KASHFR . -
[ 4 LIT=479712=1~01 b} 8 SYIFLD ’ -
3 LAT-47%7T12-1-34 1 = WASHER -
c L¥T-479T12-1~03 1 8  WASHER -
€, LNT=475T13-1=08 1 0 Cnee -
i '3 LMT=479712~1=-07 1 A END PLUS -
c LNT=4T5T12-1-)4 1 - YUt -
| € . LMT=479T12-1-C9 1 A EXTENSION -
©C 4 LiT=479T12-3-10 3 A EU) FLTTING -
[ ES13495) 1 F TRANSDUCER, ANTARY -
'] 104950 7 4 € OUAL RCOUNDANT ROTARY ASSY ., -
, B 03351 v, ) F HOUSING ASSY Culeot tueticli e -
e 104052 7. 1. A REAS HULSING -
c 126053 +, 1 8 EKO PLATF, WOUSING ASSY -
] 14354 -7 1 B STACK, HONSING ASSY , -
o 104955 ~ 1 I cavteratien sumsey  {aledd ae fu/aﬂ(c -
.0 BOACSS 2 € GUSSCT, SPMIL TURF ASSY -
c 129257 v/ o 1 C PLATE, 5E47ING PAELDAD -
[ 194388 1 A SHIELD CALIARATION SUAASSY -
[ 104359 1 F FOTR ASSY, CALIGRATICN SULASSY -
8 134380 . 1 € MID BFARING RNTIR SUDASSY -
i e 104381 1 0O DRIVE LA, 6VNT UDUAL BROTARY XDUCER -
o 134062 ~ . ? £ . 90118 SULASSY . -
8 134364 v 1 HOSPonL Tube ASSY far(e o€ (rrececLanie -
E] 135068 ° 2 € FLANGE, SPONL TURE ASSY -
0 CHAGE A AONEYD U DELETEN # REVISED NR 43T RELEASFED
e
) HYCRAUL IC PFSFAVCH £ CONLTRACT NO. crns .
1oy MALUPACTUP IKG CCYPANY NA$3-27900 [Tadis DL34C00550
: VALENCIA,CALTFIANIA IS}
jree AUTHENTICATICN
BAULIC ACTUATION SYSTEM, § S M F -
' BeG  NGSUYENT RUPRER SHEET RAFV NCMENCLATUPE :
8128 NG, LTR 02 NESCRIPTION :
— ey o
[ 1C4n6T 1 E DEARING CAP SPAUL Tung sumassy AL UGl et
] 124068 1 € SHIELD WASHER CALIBRATION SYQASSY -
[ 104349~ 1 C SPONL TUJME, SPONL TUBE SUTASSY. -
o tosin 7 1 D STATUM ASSYs DUAL .
3 109072 1 B RETAITHING RING, STATOK ASSY -
0 106313 < 1 £ STATOR SUAASSY v4° -
s 104C24 ~ - - CCIL SPECIFICATICH -
., € 124079 - 1 N FORIANTD CAP, STAYUR -
[ 106878 v 1 € INSULATILE w50l hy CALIBKATICH SURASSY -
3 14317~ 1 € Fl CAZ, STATHR
-] | LN I 1 € sty -
[ 1t i ) 1 D STATUR CL.aF . i -
< 307270, 1 D MID CAP, STATAR -
[3 134331/ 1 € FORWJARD KIS ING -
-] 124C62 v, 1 £ COIL WINDENG ASSY -
8 104033 VA 3 D DBOBKRIN TUSING COIL WINDING ASSY -
€ . 13439 1 A ANHAIN JASHER, COIL WINDING ASSY -
c 104068 t 0 WINDING, AUXILTAKY, BIFILAR wCJHO -
[ 1941867, i A SHI¥ -
8 lu:uJ 1 8 THIEADED BUSHING -
4 104388 \ N NUT PLATE ASSEMALY, DUAL ROTARY TRANSODUCER -
‘o 134c89 1 U wIRE TEKMINAL ROAMD ASSEMSLY -
i W 134299 1 A AFARIING SHIP ROTON ASSEMSLY -
e lo~220\/, 1 A SHIFLO, KOTNR -
.0 104223 1 ® STATNa SUJASSY "B -
s 136224 ] ) A aaTae, {SOLATOR -
[} 106223 v 1 A WQTICA, RFAKING PIVOT -
[4 104226 v 1 A ENTHOR, DRIVE SHAFT N -
A 16227 1 A ROTUR, MAGNCTIC ARMATURE -
[ 16207 ~ 1 A aAVY VASHEW -
[4 106274 — 1 8  WAVY #ASHER -
3 n-uuh/ ? K FILIrR ASSY, ImInT -
o 21-1319) 1 J INUINE ELGMFMT ASSY -
0 CHANGE A ADDED U MELETLO # PEVISEL R NOT RELEASED
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MYORAULIC PESEAFCH & CONTRACT N3, cnut . RIVISIGY
A LISY MANUFACTUR 126G CTMPRYY NAS3-27%60 TOEMT 0L34300359 LIR
| VALTNCIA/CALIFrRNIA FITY:) D.TE -
TITLE ‘ AUTHENTICAT IO SUCEY 3
ORAULTC ACTUATION SYSTIM, S & & [, CF 15§ TS
S  0WG  ONCUMENT NUPAER SHEET REV  NCMENCLATYRE R
T S12€ NOe  LTR OR NCSCRIPTION 1
¢ si-11204 Y, 1 G TurE, suPPCRT -
] u-nus% 1 0 CCLLAR, FILTER -
[ s1-11296 1 F RETAINGR, FILTER .
[ si-11287 7 1 G FITFING, CUTLEY -
o s2-11139 ) B WOUSIEG, FILTER -
] $2-11311 / ) D FITYING, INLEY -
€ X 54-100C7 3 A TEST FIXTJIE FAR L1~11836 -
9 110078 1 £ FILTER ASSY, INUINE -
[4 61-13077 1 8 SUPFUAT ASSY, FILTER, INLINE -
l 8 X 200383 1 r -w:. SHIPPING - :
8 X 250443 : 1 & WASHCR . -
ooa Tao1aniee . C seavnswiren  faleol cwadllalle -
0 20101161V 1 B SE]RVOSITCA ASSEMALY -
A ~285002 v/ 3 B - SERVIOVALVE atlest au-m/a,[ud. -
H ] «2255333 Vv 1 A SFRVCVALVE ASSY -
] ) a{za:cm:z 1 8 PLATE, IDENT -
! 8 N2%001592 ‘1 A BALL ’ -
[ 28003029 L, 8 SCREW, ¥ % Ut avall, -
€ 2030301 .7 : ¢ Covee lo ) alta -
€ "20003032 . 1 8 COVER CASTING -
[3 28203035 \ 1 & TIMQUE PUTOR ASSY -
2 - 28293036 . 1 € CulL, TORQuE wator M -
3 28033037, .~ t B SPACEM - TUNE, ARMATURE AND CAP ASSY ¢ -
[3 23053038 1 8 CO§L FORW 1" -
8 2000319 .7 1 A TUBE, STANDUFP 1/ -
) 28263040\, 1 A PKAME, YPPEM ’e -
(4 292332%) v . 1 A FRAMT AND JALL ASSY ! -
[ 23333042 « 1 A FHA4E CASTING -
R 4 28003043 v . 3 A MAGNCT v, ") -
e 22303044 + v A MAGNET @2 " -
¢ 28323045 ~ 1 A Luatn 9. " -
[4 23333048 1 A LIIER B2 1" -
LI 4 23003047 ! - LCatR -
» W CHANGE A ArOEn v UELETEO R KEVISED Nt NOT RELEASEN
.
HYORAUL IC RESEARCH € CCHTRACT NJo CugE ‘ &LYISICT
LISy MANUFACTUR [LG CONPAMY NASE-27980 10817 0LI€0JI53) [RE)
VALENCIA,CALIFRAKTA s187) R R Y -
TITLE AUTHCUTICATEIAN SHEEY & |
YORAULIC ACTUATION SYSTE4, S S W E CF g3 TiUIs
E 246G SHEET AEY KCMENCLATURE
®

CICULILNT NUMAED

T Stl€ 0% OESCRIPTION

r~
-

0

28003043 .
260C3C59Y

FRAYE CASTING
ARVATURE ASSY

23003076
2R00367T 7
29303374 7

g 1 a -
1 - -
c 28332039V .- 1 - ARWATURE & CAP : -
: ;Eog;“;z‘\::/ : : :::uui: /M)t lwa‘.'//i/u‘c -
4 K -
€ 29002031+, 1 8 Fuaerer  Jobot avatal s -
[4 20003058, 1 A TUDE € SPACER i ) -
€ 3aonoee TOE T -
3 L13
c Y 2827357 1 B reemuace ¢ mawe S
c 243430338 " 1 A BFEDNACK WIRE - -
2 v ;133:252 i A FLAPPER &'D FFED3ACK * . -
w 2302118 - t N ARNATURE STO® -
L€ 24303061 3 € ARIATURE CASTING bst awnilnlle -
C 21003082 v 1 A ENO PLATE % _4”t 2 -
€ . 230030617, 1 D URIFICE & FILTER ASSY " -
€ ferarisv HEE I :
o uIeR -
c 283310( t D ORTFICE € RETATNER n -
3 23323287 7, 1 - RETAINER -
g :moms-: - 1. € CatFice “ -
4903069+, 1 8 BALL, $PECIAL ] -
[ 2580397 v 3 = MCUSING & PIY ASSY -
s 230001 1 A PIN, LCCATING " -
. .g ;nogn;:k : D HAJSING § $POW ASSY " -
4003373 % - $PCAL -
c 210030747 1 & NOZILE " -
€. 24033013~ 1 A HOUSING € SLEEVE ASSY -
9 1 3 -
[ t A -
¢ } - -
] 1 3 -
[ ] - -

SLEFVE (TAR)
SLFFVE JLANK

LS NG & PEN ASSY

11}

boted cvoailales co

24033079 - HOUSING
2200338) - HOUSING C3TG
- W0 CHANLE A ABDED U DELETFD | REVISFD MR NOT RELEASFD




TALIST Hydraulfc Regearch Centract Vo, Ceolz .
r Valcnela, Callf, NAS 8-27980 tccet, 81073 DY. 3402038,
)t Title . Acthentleeticn [N
|I:YDRAUL!C ACTUATION SYSTEM, SSME | o ok
Csg  Document Numbor Sheet Nomerclature
&re Or Deserfipiicn

2500081 Vv

Criis Oamper  Lelind ~ivai oy

Rev
2 No. ar
[44 | G
c 26003032 v, 1 . C2
] 28603003 1 A Stroks Limiter .
: B 280030972 \/ 1 B Scrow H
‘D £8552603 V) 1 B Crblo Ascy T
. C £oC6a1e) v, 1 A Shell "
H 28C0310) v, 1 A Header "
B 2ca03182 +~ 1 C._ rug "
c 28003183 ¥ 1 c End Flate, C2 .
D 28003291 X 1 B ‘Coil, Torque Motor {Tab) -
D 28003503 ¢ 1 - Spool -
c 20003204 ¥ 1 A Flapper . -
] 28003503 X 1 - Shell
c 23003506 « 1 - Header
c 20003507 x 1 - Cabla Ascy .
[+ 28003508 « 1 - Armature Assy .
[ 28003509 « 1 - Torque Motor Assy .
. 2€003510 ¢ 1 - Housing and Spool Assy -
. € 28003511 x 1 - Housing and Pin Assy -
. B 28003512 x .1 - Stud - -
-] 28003513 X 1 - Flapper and Stud Acsy -
€., 28003618 1 - Housing and Slceve Assy -
c 28003619 X 1 B Icusing -
B 22002655 +~ ~ 1 A Screw, Cap, Socket Head -
. € 28003704 .~ 1 - Shell -
€ 28003705 1 . Cable Assy
l c 34*?80130 - 1 Q Spool-Slecve Assy, Bypass Valve
b change A Added D Delsted R Revised
ATA LIST Hydraulic Research Contract No. Code :
. Valencta, CalYf. NAS 8-27280 %dant, 81873 DL 34302579
nt Title . Authenticaon
HYDRAULIC ACTUATION SYSTEM, SSME
Dwg Document Number Shset Rev XNomenclalire
Size No. Ler Or Dazerfpiica
[ 34000138\ 1 A Spool-Bypass Valve -
EO B
. EO < - M
D . 34000136\ 1 D  Sleeve, Bypsos Volve - Tcd -
B 34000137 1 - Spool-Slezve Assy, Shatile Valve -
c 34000138/ 1 B Spocl, Shuttle Valve -
b 34000139 v~ 1 A Slcove, Shutile Valve - -
B 34000142 — 1 A Pston -
B 34000143 ~" 1 - Washer . “
B 34000144 1 B Spring, Comprension -
c 34000143 ¥ 1 A Seat, Spring - Tab . -
B 34000148 - 1 B Spring, Compression ' -
c 34000147 v~ 1 F  Stop, Spring - Tad -
B 34000148~ 5 1 A Slceve, Spring -~ Tad -
D sooorasy s +* ) C  Cap, End, Bypass and Shuttle Valve -
B 34000133 \/ 1 B Gacket, Torque Motor -
B 34000159 el 1 B Gasket, Scevo -
B 34000162 v~ 1 B Gasket, Connector -
B . 34000183 1 B Gasket . -
[ 34C0016 <1 - Shim, Sleeve . -
EO . A
B . 34000102 1 B Qun -
D 34000194 1 A Plate, Shipping -
c 24000195 v 1 A Plate, Shipping - .
c 34000198 ./, 1 D'  Closure, Shipping Pressure Port -
[+ 34000197 -~ 1 B Cloaure, $hipping Return Port -
[ o4 34000198 .- 1 [+] Closure, Shipping Pneu. Port -~
C 14000192 .2 A G Closuce. it ping Xeat/ ks s Teat Pt
Change A Added D Delated R Devised
L
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. -
‘ Bydraulic Resesrch Coatract Mo, . ¥ P

BT | Valencts, Caltt, KAS 8-27230 at 01573 DL 34020330
] » * Azthentication [SRST I B
JAULIC ACTUATION SYSTTZ), SSME ¢ 13" T
I Document M 1ber Shest lev Nomencln'vra N
’ Ne. Ler Or Dezertrtion C 22
3400319 v 1 C  Dil~t« PVA ord CCVA -
34000278 1 A Elct-upVA  Intent quailalde -
7 340002327 1 B 8Sprinp, Campreczion- - -
© 34000253 / 1 A Bcat, Spring -
34000234 v~ 3 r Housing Anz2mbly n
34000238 % 3} J  Housing Asczubly . 3
34000237  § B Housing, Formed - -
34000238 3 B Housing, Formed . -
34000239 1 - Ingert .-
84000243 \% 1 N . Shaft Asay, Output R . -
:4ggg::; v : A :hlm, Shatt . . -,
4 - pacer -
34000241 1 B Rettner /odest avars Al . -
34000248 v~ 1 =  Suim, Crank -
94000249 12~ 1 D  Cover Assembly -
EO . E )
21000254V 1 £ Pin -
34000256\ 1 @ Rod -
. 34000257 1 - Shim, Hyd, -
EOQ 7 . A .
34000258 / 1- A Cap, Hyd. -
. 84000250 1 £ Piston, Hyd, -
EO 4 .
34000262 1 A Piston, Pnen, -
34000263 = 1 a Cap, Poeu, . . -
34000284 Q - Shim, Pneu. . -
] A Added 2 Delated R Peviged
usT Hydroulic Research  Coatrect No. Coda - Bolta Ll
Valencia, Calif, NAS 8-27630 Idont, 81373 DL 34600529 Ite .
. e e
de Authentication Suezt O
PRAULIC ACTUATION SYSTEM, SSME o ¢ 15 L
Documant Numbes: Sheet Rev Nomenclature T
No., Lar Or Leceription Vou
34000293/ 1 A Ingort -
. 1 < Shaft Aesy . . .o -
; 1 - Spacor ° -
1 ] . -
§f‘00301" : B Spacer. Boaring, Lower . . -
4330303 ¥ ¥ : é 4z, -
3¢ -'x'os‘/ 1 [ Spacor, Beartng, Upper /tb‘é&-’{. au . -
$410.2506 1 B Covor Assy -
Lo 7/ } A . .
81320208 1 B Piston, P 2% . ] -
31200209 < - 1 D - Plem, Nyl - : -
EO ~// E ’ v
31000013V / 1 B Cap, Hyd. . -
34600013V / 1 A Shim, Bearing . Lo -
3& ow‘u/ : - Shim, Hyd, Cop
A
mooaV 1 - shtiy, Pn-u. Cap -
E£O A . —_—
sioznamey 3y DT Tor Jatert an .L/w .
"*3111//:/ ) Pir, G one Valve .o -
'. “ Jll Y € Folicner &izy R -
\ T 1 D " Slecva ’ e LT . -
| LI NN .3 \’ . 1 - Gaskot, Tube : . .-
34000344 1 B Csp, Pneu. -
34000343 \/ 1 B Plate, Torqus Motor -
t 34000348 % 1 B Spacer Assy, Torque Moine -
g A Added D Daleted R Ravised
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HNydraulle Recoarch Contract No.

Cod

3 .
3BT yicnets, Co NAS 8-279C0 Ident, 81373 DL 3050520 _
[ §1 t Authentcation
DUAULIC ACTOATION SV 17218, SSME
7 Docminemt Number fhest Rav  Nomenelatura '
. ° No. Lir Or Dazcription .
1 D Sunpoit, Lalct Fllter -
1 A TFost, [VLT e
1 B Finten & Nod Assy - - -
1 B Plsron & Rod Assy . -
1 C Fitting -
2 1 .- Spacer -
31900263 v/ 1 B Retalnar R
!“"10163 1 A - Washor, Tube -
4506254 \/ 1 =  End Flug -
81030..12 ) - Pin -
3100937137 . 1 B8 Rod -
. 31000314V - ) B DPiston & Rod Aasy -
31020393 ) D Stand Q1f . -
31020304 1 D Fin bttt awadaditde -
34CC0133 1 a Rolluy -
94002598 ) [~] Crank .
:.cca.m 1 E  Crenk -
e ki l\é 1 e “Berew, Cap -
.600:02 7 1 C Rod -
24600403 -1 D Pisten & R4 Aasy -
$4000420 a Actuutor Acay, Prel ‘ner Valve .
. "
uooouo/ - ] ¥ Actoator Assy, Mal - ropellant Valve -
a
acoo«u / |} = Ball -
330004368 3 - Pin
[ o 34000437 1 A - Drivalize, RVDT - -, .
nLe © A Adisd D Delated R Ruviced .
e Cntosct No, Code i i ovialon LAE
. M : il NAS 8-27480 Idert., 81873 DL 34000550 e
- e maan . 1 le__12:79-76
- oo Authentication iet 10,
\\_ Tl IIMC ACTUALLCIH SYSTEM, SSME ot e Sheat
b e s e o< -
. HEET § s Ihewslier Sheet  Rev  Nomenclsture Chg
: o No. Lte Or Dencription Code
R AN
R~ 2 E  Actuntor Assy, Chamber Coolant Velve -
R | r : .
- o SARIAE v [&] [} Nouring Asoy R
. oS 1 - Fin Ansy -
I~ : - % . 1 D Plvot -
. ¢ Lo / @ A Pin : -
n
< 3 L 1 A P’ -
T 4 B
I o / 3 [+ Houatng Aesy -
] / D Y
3 E
5 < S 3 ) 4 Houvaing Assy n
J by g % . ] r Plenztne Azzy R
/ 1 - I'lvw, Tlend ‘-
/» 1 A Tlate, Adrptap -
D
‘7\/ 1 - Ta~ert -
& 1 - trert * : -
/ ‘¥ - eveiep, Formed -
/ 2 A Hevweing, Fermind -
3 - ilouslng A iy -
. / 3 hY Iloustng A: ~erably By
b0 EDSEEE | R Daetoay R )
-
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v, PR TR L 30 SRR . ) C.
LST oy ts, CoUL PRI T2 T TR PR SRR
1483 : P
O ULIC ACT NS LYLTT, LD 23

Tie 5 lliiere
Ge Loze.l”

.
L

Da .+

W
Y

i Lo d 20 DR s e s e s o
e
23 SE NNENEY LT LY Y LN LT SRS

o 3 e L Akeially
2 1 ) 981
3:001153 1 Pa

EO
EO
. EO
34001925
31001926 .//

34001727

G, Tosn Vatint coactedide

ston, Duew,
Cyliad. r, Ascy, Pasu,

"1002020 v Actustor Ascy, Pretuvcs Yilve
3'1 02010 \/ . 2 Actuator Assy, Mcln Pror1l.ut V lve
24002910 ‘/ 3 Actuator Aasy, Chambar Coslunt Vulve
4100‘!4.15 // 1 R.tnlnae
410,02296 y 1 C;;:Ler, Buaring, Uppar
41003592 1
41005593 v’ <1 Pin
43001502 1 Frame Grlnd Asuy
' 48001503 \/ 1 Housing Aosy
46001504 7 1 Houzing, Machined
. 4R001508 - ¢ 1 Huustng
43071206 1 Flexure Tube
T 480017907, . 1 Flagper
1

‘8001508 v Acaature

A rrdad D Dcleted R 1 odicd

.
.

o ydraalie Tilrarch C- A‘.'-’"l it
WT Gl ta, Culth 229

LUILC ACTUATIO SYIy- T

] Cocwan t el ¢ Luot b Lowe Tl
t 9% Lis ool la
wrnes 1 %
1, 1 n
eBuT1513 1 4
40001514 % 1 B
4CC01518 , 1 A
47031516 1 - =t whd Seut Assy
4C001L17 . 1 A Mo aet
4LC01518 1 C Ead Cap
48GO1519 V7, 1 A Scat
4£001521 1 - Spicer
40015227, 1 A Popnat
22001523 v 1 - Siam
45001524 1 ;] Cover
480018525 R - Covcr Caitlog
48201527 v, = 1 A Coil Ai.Lu.ably
48001528 \/ ) A Coll Fouun
418001529 / 1 B Shippine Covar
42002200 ’ 3 B Toryue Motus, PSot Valve
0.3 A Added D D:leted - R D.vi.ud

183

LR 2 BN B DN DR BN BN SRR

LI I I L B I e B N I R




Cede : :
Ident, 31873 DL 34000550

Y 2 AcLIUNTICH SYSTEM, SSME,

Authentication

| AL ITEERILIACE | &) 4

Nomenclature
. Or Daceription

‘

B L L T e L

- n s o et e et bt B s e b e o G e P
PRPgER'A0QAD>RTADW!

cuon

-
-

.,
- LRI ESN -

=Kz}

v -
-

om=a

Drive Screw .

Bolt, Tensicn, 12 Ft Ext Wrenching, 1200F

Packing, Preformed (0 ring)

Tuba Asgembly, Cervovalve

Tube Assembly » Torque Motor

Transducer = Rotary :

Filter Disc Assy

Pin Plug -

Dcaring

Cap Screw

Bearing, Self Alirming

Pin Plug

Tube Assembly - RVDT
. Clamp Loop

Tube Assembly

Filter Assembly

Tube Assy, RVDT

Transducar, Rotary
L15TS

Parts List, Dual N:lundent Rotary

Filter Azsy, Inline

Scervosuitch Asgembly

Scrvovalve Assemblly

Actuator Assembly, Preburnes Valve

Actuator Assembly, Main Propeliant Valve

R Revised

184

s e g



| . _ £90585-0s0A ! | & ] *1SU] JjOAJISTY _ /
. _ 403¥|NENIV Y LA PISH I...c_. ovim:.alrc.l o m dandeg WMV LUK S .
1 40321330 \3 4k pash T. __eswe H ] ﬁuwwwhwv_ abey *s594¢ 2 . .
O3RN G |4 Pasy _.m, ssinz || i danaeg SALvA 3341y .
o . X ; L
t . HJ: L ) worstooves | ¢ daieg  Assy Joje(nanddy ~6g00-1 uwu
, .0 - -ze0ew | 4105544 R L e
! H . 1001950901 _ Xo1491)1 Aiguassy ason 131 ..aoo_mmu._.
ainpom 4%y n P3 i i B 69685 - . = <019
Li \Rin posn 3 JEAEEN ! weu3wys  JIINPSURIL *SSANY _\_ =L£10-6% 3
| bl | I8! oLztess J03v104ng Atddng *asey |7} .
W i 1ol ] _u_ 699185¢L Jo3rioung w3y *ase) 1y, .
H T - 0
1 i v L2852 aojetoung  ujeag Ise) ‘3sed i/| .
i
I J goacoss | L soyeioung Assv prosium 1y .
' ] | a03034pu] -
“ % d aLziest : J03r04ng aunssons opois i1 .
H - 7 E oletess | do3eoang A ane .
| ; 7 - T TE YT
i " f 062185¢L m Jojeioangd upeag 959 \_ .
- udue i
w il i4 sooces: | 403%104ng o3t v sy 4 .
v TR
| ! i toncess | Jo3v(ouny ._SE.“GQ._W v .
W i . * Kquassy T
w — 989£85L _ a03ejoung aynpoy am iy D o001
: | jossuoy isg osiy AIOMITM WM pasn N . v el uNoWASOYy  uaonpsuedy ‘dwdy 3f .umr:%mm_u.
4JOALISAL 3 |M PISA . [ 69645 DA —. T tole
| ‘ ' ! e gy661-052-20:vd mns  aanpsueil “ssaud Bl pp0-gre
* - o JAIvp Bupdues
_ i goL-zto1141 upryay ) pue paars ¢ .
. - Ssy “Sppup
i ; 1L-ztotLet upmyy oang pangg Y .
. - Assy aapep .
| L i 002-21011L1 | upnty onion U} !
] &S 200-2101141 : | upoy  Assy ajonaasay B o 000
. P _ dsig ‘40
In _L» 20-11€s9 *gy Assy dung V -
o . i - dsjq "4ep zarn0
A : - |.LM N 20-11159 xaqy asup dung O oo 200
] m | _ i
! . ! 377N
V . SRV : T3 40 ASIT | “ 1811 sigvd T BV ¥3gaM Luvd ¥3114418 e
* .
1 - | - . ol
W3LSASSNS IIMVIAAH ¥3LINO NILSAS ¥3P0d
1 ¥ )0 | s Vive 3ihd 30VeS twur

8L/\2/L AN

185




m e . i *papaau s} juaunaop &ﬂ.n- M
~ mL (96ueyd oy » -)
| | 8-{ Lino v} 3uaandop 40 ..wﬁI sburyy « *033 ¢y ‘g 'y
! | m i ,.:Ew_vtwﬂ 30 3484 ¥ 53 mavg » iSII0M
| 055105 “Bng 935 4 009/05 i . . oro0
] 054105 “6ug 935 i vuztos | [ soparoumudg ,w“wﬁwhu %cmwu.._
PTsanbay 30k 7 00S99L SIAS | | | ey FabelT -
431109 Avdds aaem Jo Jung _z - 40599248 f parpumg wey v:u_,ﬂuaﬁﬁwn _m_ . .
b EVEI9RS | | paspumas way 431108 Aeads aziun 11 61000309
i i oss620as | | paepuers wey XA B o003 g
| id s I 1026 - | 533 inespnaug L1933g aajer ¥ | .
| ] . g 2026 | 533 n0apnang Lir3sg ey | .
] 313i6aL1} Supmeag ¢ H 2ovs_ | | sosineapnaug T ey B 2o
] io €611 s34A30 “naug Assy dung {eng E .
i ¢ 96vg 2as ‘035 _zﬂ 00221 Sa3jAag “naug ..o:uth““M \_ -
m i 62611 Tuuta *nIug and Nﬂmnm _\_ . !
| P Yz |sainag snauy AT Fabarett | .
| 5 9261t | - SN NG ooy cowmzm,...sh b -
| _ stz 14 "naug -..S\n:u“wunm..mmm 0 g0
| fa 100-6301 170 upmray o i) b st
" eert |, $16641 49933y u:.?n_.um 9 po0 i
, _._ . . Ry, S| (neaphaug 33ddog i .
fo ¢ : b s125 $34jne4pnaug 4pog I/ .
f* | - Lasy $24(neapnaug andepy |/ .
" B H - (025 59 (Aeapnaug @ pu3 |/ .
K, 009y 32} {Aiphaug o»”“»..“u—...ﬁwuﬂ ls .:wumwwurw
| oo e I I I T O
VT . WL 20 G:_ i s suvd ! YIS A150355V i YIEAK Lavd ¥INdans 113°0Li00 : roun g
v 103 3 NILSASENS D1 VIVNOAH ¥ALIGNO I wausas ¥og !

Yetnar, an

YIV3 JULNNS IS

186




[ _ K ‘ § _. [
_ |1 i i I
_ J36URYIXD JIY U0, JO IaRg « - d L-LLWYSIAS | paspums wew 49buryIx3 f_ 540
ﬂ‘ FALRA LOMIUOD |RLIIYY 4O R4 I _._ W6 $2}1nB4PNIUY JuBLF (RMY .__\A -N:cm.mmwux
i ALQuasse 403R(Man300 O a0g . _ _ Inj 051622 uistewmyp aauvd Jo3wprunady ? 5050
\ - [ S L2101 upry sunny |/ .
_ TALTA 35130 4JOAIISA JO TP J L v 6922101 L4 upny wisig 1/} .
. il N siz-zioiiel uppy e .
pa3 sanbas 30N * 14 190585-0L0A ‘1Y ua»ww.—_auwm / :
: M e TR Ly
paasanbas 0N _-_ i1 ovouiss | “ihsul dual-IH :r 55-"35 ] -mpoc.mwm
n W i\ ooslos | T " - A c%w.ﬁmmL
05105 6ug 99 - Vi 14 00¢ 105 . . ey
- vl # e : T
osclos 64a 25 | i/} A 0orios . L
. l /] A oty o 1) O
O [ \" Z wstyiz |/ U4 RUUTH-1N404 T V] oy
roud s | E 1w/d 2%& / urans e oo W] opoteiin]
— _z— ! N sesivez |y U} uUR-1INI0g L“”"”P.:—.wwu < -
_,.w i- | sosiscz | UpSRUURH-IINIRY 403 9{NUNDYY ”m -mncbmmnﬁmr
| o072l N/4 seoiaap wnoud 03 g5 'l [ s 1624 $3)(neapnaug e T
ﬂll . N i ] s2-yLovil uprLy buyads .
. N C | fw £02-690L 110 upsrY buads .
. i | | N K2-690L190 upmIay asavdg Y .
. i i L £01-65011¥0 vy £3¥ 3T 20148 .
BALVA 43007 3N ST 4O W W i IN 2016901190 U Y L5y bupsnon |/ 200
, H . bD
VAT m WINW 40 11V 25171 SLuvd | _ WIS AIGIISSY OON live WIS BOSD  guvs1i123es
WILSAS Y304

SLNTIL A%
¥ )0 € NS

Vavs 51lNuS 3348

187

b T

R




._ _
Ly | _ _
il | _
!
!
7T 7 gl wE-21011e1 spogy | OURE Towey 1! .
1k / 9 t2-ziotesL " upny vie wisd |/ .
i \ - / H 9£2-20011L1L upny pu agny |/ .
: i / \ 6c2-21011LL Uy alpupds |/ .
- FEZ L)
e / - Lez-ztotLLL upony oy ooty 1 .
P 17 F gez-2ztotLLl upyay ®ing |/ .
4dauu
. ALquasse 4joaddsas JO Yarg b ] M sez-ziolLLL upmpy aqny vuo—m / .
. {11 I/ ) cez-z10l1LL uprry e i .
deaysyoog
[ 14 / Y 2e2-z10LLLL upmray i |/ .
. [ 1 / 20z-21011L1 upsory pupLhy |/ .
[ i i |
: WL v 0£0-Z10L1LLL upRy sjonsasay Kauwassy Jof o 2000
pAdNT}
P e K tecese doyrioung Sussnon | | -9z00° 12901
ﬂ. “ A T Ll 8-62555LAS PARpURI S WY dway *dosuas |/ N
|1 b ol 1-960092AS PAYPURIS WRH  ug, 4 Shoas |/ .
\ i Jo | L-$E599LAS Paepueas wey  3a|Ep *43a0) |/ .
. 431109 Auds smen Jo Jang 4 | y b ] 150169205 paspumis wey  alwp *33ddog 1/ .
o . L L _.__ 1¥69L92AS piwpuris wey  aaiep ‘loods |/ .
I i1 o M 1-GCS99LAS PavpuIs Wy aa|wp Bujsnoy  / .
N . \ ‘ e L-0BLL9LAS pavpumig wry  Ba(ep ‘Supsnon |/ .
; P " L-£05992AS PatpuTs way  Ruads aaii0n (9 g o0liiry |
- ¥
L )
SHWH WINILWH 40 LS 18I0 SINvd 43BN AIBITSSY VIBON Luvd VIS ,
; NiLSAS ¥3N04
WIXEL YAVG FILLNUS VS -

SL/RR/L A

188




1 s/aieew

11 Wl .

|
i
_ }
[}
. . H
(, X / IN  100-82€SB5~0L0A 1Y plojmy |/ -
JJOALISHE UO JUN ST WS H J3INpSuRL) €000
-1 3LK _r.“ : L %...E”ﬂ 4 i e 4 -G
- - - N i 230npsued
S _w _ | _{_ cocoz-oov-zotsvd |4 umans unssaug 14 -Eomm%wr
i” . | / 216z
i ”_ z-8z0c9r |/ 44955343 ALRA XI3) pEono BT
4 11 oz0ey |4 apessya aper ooy [of _ . CZ
| 9 £-0L0v5 |/ sans s poims |3l g0 T
ASSY (A )MS €101
" _ 5 £i01-000501 |/ ByRLL pur ssoy Iy
, L N aa5npsuedl | oy,
@ .u N / o di0) *pug wo3ny ~ssaug 3540 ¢ ~£V0Q-65 31
(z 64 19:1) 5 . 1 009105 1/ oul *sapauks 23uweaska PIMD | | ypelvass, |
N - h |
264 1801 00l0- B 06 25 | My ooL10s |/ | ot sapmuks 3aawoasig wund /| 200
f* o v ovest |/ $3uau0dw0) 461N Lssy aagen o] o, 105
L
|
- ]
, _ i WSIvL2
- ¥ITN
SOV . WHAW 0 1511 151 slivd VIBON AIRIISSY VINNN Luve OLas Li30&00 | horvatinies
¥ 0 | 30s WALSASENS I3 MVUOAN ¥ALIEN0 MOLIVALIV TVRID IDK3 NIVK
VIVO 3ULNKS VS ¢

189




H 1 - N H
| | - KR ! o9Ley | Booy 13SU] 4038NI000AL3S |y . !
| e q . i Sooy 1Y *arqep .
i - ) | "ON IALRA 403333S
b o ooy | ! _ oM fosy butaaty 3 3inpuor V .
e , 4 cssiov | | i 600w O3 LSOg *ASSY “SuRd) .
. 1 € e2Lov Booy ARQpI T -l
_ . b v 9LV booy  YoeqpaIy *4amoT ‘wiy |/ . i J
. ok Wi 8120V Booy  yougpasy ‘saddn ‘wiy i .
IALOA 3207 pue
M T s 69850V Boow 40339135 *arvays [/ .
! | i v - 69450V Gooy LE19H duo) *Sujads |y -
i b v 9150 Boox |y .
\ K337 o6
J L e - cuesov | boow yovgpaay |/ .
s 3 | v LSOV Boow T .
|4 b | Iv] LLEsov Soow 8ajep vojieios] *loods |, . M
4 b | lo SoLS0¥ oo 4510 .
/ o
- ? i - IAL/FHSS
szc-tt wou3 3w | fe ! £05585-0.0A B ey sorempnomise |/ . o
L _L * W_ siey Soow Assy bujavag 9 “14) [/ -
L Y b - szeeey Boow sp3ewayds 9313 |, .
1na r _c w- 96Lr2y Booy ALguassy uolsyd |/ .
7 oy T{T-91 1360
14 [ T \ 20262¢ Booy ASSY IA[RAOAIIS iy -
: " - , TT=0T T35
e s _ 920v2¢ Boow »nnw anteacaaas [i/! .
. n TT=TC T3P0 1
| W I vsacav "~ toon resr T S -
" " . 912-TE 130l |,
la | e €58E2¢ Soow ASSy 9ARA JImMO4 i .
Assy ¥I°GpId4
o l» B L8120 boom voyaysog |/ .
i §12-€€ 19pay|
e |, |9 - 19LEN . Boow Assy aajen .woxom / .
- ¥L1-91 {9POW
LT I T «. y2ovey Booy Assy s03emdvoaaag |/ . 1
+ i ] . S2e=LL LP  plvy] .
Is ' - £9L82v Booy __Assy_Jojenyovoasag '] 1001230 .
1 i I : v |
St . WINVA 0 1511 SIS || eI ey I8N L ¥314ans WELEd | poriSiiiiass |
\.n Lo 1 L] J
¥ 40 2 3394S NOLIVALDV TWEWIZ 3INIONI NIV
- ' ¥4.3 ZT0ANHS 23vdS
SL/LL/L A ' .

1




]M.l..l-uﬂ.ﬂd.ﬂl%"uwsw u! : K 1 so90-0t0 | ¢ Goow Apog ay2z0M ./ .
_ ol A - i3 gsesov | Gooy ¥30gpaay *abe) / .
_\._ 1L - olovzy | | | Booy Lssy suvd) Ssaug 3510/ . :

| ; .__ - oosez¥ | | i Booy  ASSY YOUGpady Ssauq uAg / R

Y ~ . msev | | Soon Kssy Bupsnon / .
) mz._ ! . z..c,.ou-o—v;i: 25862V Sooy  Assy Bujysng 3 Bujsnoy \. . :
11 b q 94860660 Booy u“% \.. -
B ¥ - 96LL2Y Soow - wopun /' .
bl i N 96162y Sooy; vopun / .
b ' | -k L6le2v Sooy voun / . .
14 i } R t25e2v Gooy Loods / . ..
1o L | - zesey Soow Suyusng ./ .
11 ] |- vescav Booy Assy (oods g Bujysng -/ . X
L by nw 9952¥ BSoow Assy ampupy adog J° . !

+ bl v sovezy ooy Ry ).

) i y usw | Soou 1007 "sueay / .

14 i i - 8L¥E2Y Sooy toods / .

m m\ : | ey Sooy Sugysng / .

w\ be - sty | | Boow ..Su&ow.“%mwn\ .
il b - iy Booy  Assy aowy 4awu] g we) /- . :
Y i 9 Ti8L-1EL . Booy Assy jaasu] § 3doddng w3y 1/ . “
v mz_ N ! 26102Y Sooy Kssy uoasyg ./ . ,
1 N 5 695E2Y Booy s L il .

m\ * LB iy ooy snu< o:._.._-un i .

J o - $oLcev Soon Kssy ooq 1 .
ix il - . icY Sooy sjveepas pAw iy YO0

i _ P yaam
SRVAT : TWITIVH 40 SSM 1511 Sivd U3 A12I3SSY ¥3ITON L8Vd 43T iroges Wy,
, I - NOLLILY AT MDA NIw |
YI¥e JULNi3 Ve
u UL "

191




—~—

|
9A0QE GLZEZY 4O QNS ® S| Sl - o . | [ " Soow Aoy i/ .
ie lo N sizeav | | ' Sooy M heny <pog /] .
. 1Popasu 54 26N30p SIUL « N i
H v ?j,-zo oK =) _
| i - o HL}s 40 uj Ju0p 4o 4dH3aL uryy = 333 *) *g Y i
i i | . “6uiatip %3 40 31vd ¥ 5} 3% < o TSIION M i
N f 4 19¢EY - Booy ‘EE»!IVH_\
L ¥ + shseav Sooy uoisya ¥ u_onmo_wm;uw
i s 4 2101 He§ dN3L-TH: §§:ﬁ 1100-59€-n
h /: Ju 9120V Sooy  uoyssauduoy bujuds y .
| il y o 9e8t9-c0 | . booy vojun /- .
: Z 3545 111 338 iy i4 | ! 29902V Booy voyun /- .
“ _l._|i “ | - 009€2¥ Soon wisyg /! .
N h | N £LvERv Soow aapui i /| .
' Ao rour 2 b wmwaw% 1 1 A §¥50-020 booy Assy auzzon / n_l .
“r SLqULIRAY 30K X1 (¥n3o¥43ua) / V. 99(90~040 Sooy 44 apzzon /| 100200
1t
_ Suvai _ VI3V 29 LS “ $517 Slive j e e ICON L4vd WIS TR L SN
[ : L .
¥ 40 ¥ 39S NOLLVLOY G419 3NISK3 NIVM

u UL "MW

VIVG 3LAHS 3IVdS

192




o v | Y soov | Sooy pavoquy pu3 POy |/i .
: \_ L . q o0y | — _ booy  paroqul Assy uaasid |/| N
Ll
atqibat JoN v / 4 v o0y |} } Sook  paul 3Ry sy | .
4 o y Mo oo | bow  paroqu] ‘warstiry |/} .
. b - : Le902v Booy FERTIY I ¥/ .
Qb3 308 ¥ : b | ! 06902Y Boow PasRqUT TSOEIL | ;
T ’ ! BALTA 195 AS o>oo
v h v €9502v _ Sooy ! —v? —Snm&ac_ﬁ.—_w M\A .
' oIsid
u\ / | i 29502¥ Booy bujy-0 *dey ._awm /| .
! PINY T 4GICNTIUOAIAS
s1q1631 30N ! L 3 tosozv | DT N .
' [ A I 255000 Booy abesseq ¥10 §29° WO |/ .
/ . |4 |4 5oy | ooy Assy poy wo3sig ‘Buny _.‘_ .
aaiow - Vs _ W 2avozy Booyy Satg 1l |4
- - DapRRUL ‘Al b
. 4 | M ZLeLov Booy 403Ny MoLJ ‘AL /] .
. Y | v oLLY BOOW  Pa})}POH 340uS uig ‘AL |/ .
191303495310 493113
stqibag o/ B _L SSL50¥ . Booy 10300 pu] anssadd | /] »
/ i : i4 ShLsoY Boow  Assy A pjouajos 4 .
B 439913 | -
oqi6a| 30N - * _\ f zzisw Booy aeFrS_uusz—u / .
. TZ1-91 19P%W
/ | - 89502¥ . Gooy Assy H —w» .—:r_an U .
/ i o - 96902V . Booy Aiquassy Rpog | .
N I q £oL02v Boow Alquassy witid | .
] 4 . . S¥e02v |, e Assy puriy 3 10§ .
TTe-tF (00
7 o q 69502V . Goay Assy ”> —MM r)oa / -
7] J . d Le502 booy  awmis puneaphn | .
I K
: L 09502Y . Booy  s{vimmi 40 3SHY Y .
'y wc [ 95502¢ BooW  LISU] J03WRIONOANIS .
R i . €900y b0y SUEZLL 190 pavoquT |
E
s = :
SRV . WINILVA 40 1SN 2517 Sigvd VSN AI1BIISSY ¥ISON Livd EIRT L3N0 ..an...w_ww_.u,w.a
1 ~ h
NILSASINS TVIVNOAN NILIGK0 KALSAS NOLIVALOY NOATT3
v 40 1 300y ’ ’ VIVG 3ULGHS 2IVdS . o ’
C wane

193




4 oLoms-0L0A ¢ | 1y 1501 mwﬁmume_ { R
i BEL-E60 6ooy) . bnig urd |/} .
: . . ol [ [£502¢ Booy 24300005 AN 1/l .
"papaa s} IYan20p spuL = N i ,_\,. (333105%0) zg502v ooy sdofanuy |, R
| (6uewd O = -)j/i j3 PESOV Boow Assy 100ds § Bupysng .
w S} 4N0 U} JUAINIOP 4O 4N om:EuT,".uuu 3 ‘g ‘v wwzhl $9LL0V | Booy Kssy 43440 -
_ *bujurdp I jo ».:.th $) N380 = & :SIION ,_z . .az." 6¥5£0-0L0 ! _ ooy Assy ajzzoN .
/ | 3 $8050-1£ L Gooyy aadeads ‘Bujy .
(paseaaiun) _\ _ _ __ 81802Y 600y 2430udyds buldin . i
L : | _ : 681£2Y _ 600y 3A0049 |RWIANX] ‘RIS . w
7 b ey | ooy Japdng *1e3s .
3LaibaL 3o 7\ 3 osuzy | ooy Buproeg .
2 ) , H so60v | Soow 4403 MOLY ‘(e .
L - ooy} B ananisiy s sty . &
! i b 95602¥ BOOH  uojapaq w00 *1Eas - -
| .\- i . B L6002Y 500 asuueds ‘30N .
, Yy B 06802Y booy} 3oey ‘|eds .
v . 1 80802v 600y " ﬁuwm_..ww_m <
4 s vesozy | boow pauy papeasyy ‘daujei .
) v - cgg02y 6ooy Supy-p *6n1d .
P b - 9£802Y Sooy Assy bujueag 3 pu3 poy .
. » - /802Y : Gooy i
b o see02y Bodl_gopiensn Soasnon
T _< £2802v 6ooy ALquassy 433 snlpy
W _ - 4 - tiozv Sooy avan *6upy
. ! _ h Louozy e
Y
_. 183V 40 ::M 1817 Siuve “ ﬂ YIS ATTIISSY BILON Lvd | WIS
- WALSKS ROLIVILSY WA TH)
¥ 40 2 3094 Y3/ SLAnuS 39ves

m SL/\2/L AN




LN

¥ 40 ¥ NS

8L/ ANy

WILSASANS ITMVNOAH ¥3L1G0
YIVG TLLAHS VéS

1€« < m@ 'O a8

Uj0N
L860¢
96502V
0202V
‘yoLEY
8rceey
[3/4%4)
ey
SLovY
Loy

Clovey -

ciorey
oy
SSLSOV
19502y
Loy

UOARL)
111 ML

e

w =

«< € «

salcv
89602v
919£9-£20
- 10L02¢
.90086-2£0
6£602-240
£ve02Y
-gEEsov
-0¥802¢
1£902v
svisov
YoL50V
“§E002¢
Lze02v
92802v
69850V
£€9602v
29602v
siLozv
£5602¢
£e502v
ceozv
06602V
aIE20
S0L50V
¥902¥
59502¢
16619-280
S2HY9-20
6£602-210
{£5£0-240
0295¥-090
€eEsY-20
22909
12902v

¥ 49 ¢ 300us
W/\2/L

- €290V ¢
SOLYY-0L0
£8p92-2L0

- 6rL69-1L0

§€052-140
yoLLOY

E¥5L0-0L0

0926L-£60
0oLesoV

{9264-250
S$602Y
¥5602v
rL80V
£9502¢
96112
§0202v

Sivvi-200

04596-160

695%6-£00

29586011

2664460

§9586-L11

¥9586-111

WIr9-1iL

86506-290
16L1¥

£9586-140

¥ 19586-0€L

- oLziy

- #0502V

- £0202v

(%)

' & o <

Pt e 3t ) OSCx g

q [Ya: 10 g

oY60Y
- 98150V
- KWL-2U

v
q
H
a
3
9
3
v
[}
9

o

« K € X €A D WO IOV S DD

ozciuy
£9999-0L0
6899¥-2(0
2599¥-240
§Y99v-240
19259140
{E99v-1L0
LI9v-1L0
21205-140
29259-1L0
isSov
oziLov
EE96S-LLL
$E€965-t1LL
Lesov
ZLesov
TBG-560
LSS0V
9398L-010L
sLesoy
1e50v
€Lesov
91es0v
rLESOY
S1E50V
19212v
6Lesov
1960¢
993602V
oLsceY
899L0v
L9500V
99N
S99LOV
W

- MILSASINS JTVIVIGAH VLI
ViV FULIAKS TveS

€ W WO W)L 1 X

<

299407
62650¥
95112¥
SYISLV
8261~160
9L0LOY
Lzsov
829£9-260

S0GLOV
0025v-280
926¥L-160

SLEEE-LIL

L1e6L-111

8L66L-0LL
9SOV
89C02V
06802V
25502¢
82902¢
{2302v
v802¥
22v02¢

9€98L-£60
8EYOL-£L0
18£02v
98802¥
50C02Y
££902Y
¥2902¥
09iL2¥
95602V
¥0060-1€1
‘0co0Y
85502V
ovsoy

§ WA}
R1Y G E1Y§

195




————

| e 7 | RS <
“ . i £0CL95-010A | | ‘1Y Nl
: i 100zes-oc0n | | 'y UL R i 50000
: "PIpPIA 5} UG SIUL = N SOLLBS-0LOA | | ! Iy ujedg pavoquarg |/ '
] (96uryd O = =)y i e PLOjIuRy ujRag |/
W “$3[} 4ANO U} JIUANIOP JO 4TI uas.nvx”” 338 ') ‘g 'y P “ .—.x LR2S RIS, _\_
: . 200-909585~0£0A | Iy asoy alqixary /'
1 SUPARP 33 o 3abd;@ 5} WG - o PSIUGH sot-szcitso | | upony  amthg opqoudoato I 106
| . scotoos | | pueiispuns O g 1/ .
: ! 4 .
i scLlo0s | | puvaIspuns il ﬁﬂ%wg i .
] : . 20-3L0E® _ ! | xaqy aoro 3p(neapkn "4 .
! _ £L0v2Y _ _ | ooy Assy pLOjpum \_ .
: - seeezy _ _ _ booy L _oome«m”H“__.w i .
] ' ' K
’ i i 6EL00s | 90v2v Booy w5 | g .
i i) szes || P o | Sooy wty 3jag *dwe() |/ .
_ Z 80192V _ ooy} Assy uay aatag | .
i ! wey || - Booy  Assy (oods ¥ Bujysng | .
N N 080 2Y booy  Assy Loods 3 bupysng ¥
) ! N £2002v Gooy Assy Apog y .
| T TR
_ . ; sson2 CER e T S
* : I ou SR -
7 T, | o R
" . __\_ “j osLyey Booyi u?vo«.owwﬂmﬂmwﬁuﬁ“ —\ .
g o 0c8E2Y B ooy aynpen anieh bk 81 _-gsoo i
H . ]
ShVET M WINILYA 20 ._.m:m 1S11 Sivyd ¥IEMM AIBIISSY VITIN L2vd ¥30dans wrcE® : .-cw_nmwuu
o E || N
— whel e K3LSASENS J1VIVOAH ¥3LIRO TRVY3I4S/UI00
Vivs ShLi%iES 2VES AL HALT

Al

Ll 40 L 39S

196




SUUUNG WIS P

197

M

|
i !
| ]
| ;
[ |
usouyun (3(313) Juodw) | [ o T 6oiv Gooy / .
4008 £6252V 4O ons ® 3} SpuL | . i £zovay Soon feos 1/ .
BALTA OAJIS
s b " £6252¢ Booy wunx foog 1/ b
. y N te2pey Gooy vopun |/ .
. » N v Booy woun |/ .
. L N L6L82Y boo voyn |/ Anoommmwﬁr
| _
oW WIUW 20 1511 117 Sivve VIBON A1943SSY VienN Livd $INdans NN ! wsE%wwua
!
B/t AW : DV TSNP
VIVG TULHS 3DV Al W31
IL 40 2 300us i




Jo5£2¢ I} INTIPAY PO} Iag mmnﬂwww o9Li2v )
. . PIOUI0S *4ar0) 98L50V"
A00uY {RUIIIXT WIS 9512y —-:etuts,....u:{ Y R
10A1 *a0npsued) 0L602¢ . . ALquaS Sy SALEA POUSLOS eresov

Ty ReTTienten— 09002y Kssy

ALquessy 9A3a|S pur oods ‘bujysng $9602¥ PLOJIURY SIN04. - IALTA Pjoudiog ‘Gujsnoy ¥9L50V
w0310 *322}dajo4 6£602-2L0 . o...ﬁ:.n aMPA danog - X3pu] ‘Uid 18550V
vy 1wes 06802¥ .uotz.:! toods 3 bujysng . $9E50¥
J9j4deg 2411039 ‘6uly " 1BoRy . vobrxay *6uj¥207 J13S “IN LEES0V
VE- 40 KOS *de) *mads or0zy A . 4ssy upg pue dey pu {331
. VE-JUNN HIS "de) ‘maudg 00v02Y dv) pu3 . 0£ESOV
4207 “34in 02102-760 . ) 1005 404 PapeIUL “Idu4RIY siesov
parto(s *Apog LL6LOY . v ] (o0dg J3m04 03§ Iansol) .Lesoy
aALvA PjoudLos ‘ALquassy 110D 028(0¥ o 1005 Janaq pu3-aaaals 9150V
L¥I}19H *W0yssauduo) *Bu)ads 02LL0¥ . : L00dS 404 IR|PAIIIU] RIS $1C50V
Apog 18920V . : (00ds Jamag UOISEd IANMQ _wLesov
asvasg *qurdyaqny U 2ssuov ‘ OALRA Jamog - Bujysng pu3 £1esov
Jusuemiag - 19ubey \£5£0-220 : o sAjer uoj3eiosy ‘bujusng 2uesov
1907 quy “saysen deveoy . 3aqwp vojae(os] *loods . 1tesov
s 8LELOV . 1#3}4323(3 *-3dy *40233uu0) 22150V
aA{eA Jam0g L00dS *do3s 12800V ) 1310 50150¥
,, P15 1PON *340us *uid *Bnig . oLLzov o buy 0. £42v0-080
20304-23¥14 *49%d5 26890-201 ’ aue(g 999)dajog worjog 6(£1002L0
) ) . e 1190260 ..8..58_w__ﬂﬁ“nowﬂu.“mﬂw_ﬁm ££02-3
Ajquassy IndIng pasds 4py . .50090V : Ul - YIS SNIAVYG

UL : , V3N ONIAVIG : : . :

: e . . 1SINIAVEG S00W
— . {"0,1N0) :SONIAVYG SOOW SNINOTIS FML 1S3DN . : anveadssds /usaany gBuu;n“g—.Ue.&
' DVEYAIIIS/N 00N Ll 40 £ o0y Wil

T AL WM

198




199

FIGPIVY 3UNSSAAY djmeukg *bujudg ‘de) 669c2¥ A9I0pSURLL NSSIAG J31G FJoddng agny sytey
AIVGPINS IANS3IAg djwrulg ‘Aiquassy Apog 868£2Y 4PINPSURAL MNSSIAY 510 LSSy BupSnoN LYEEDY
ALEA SN0 WIPUR) POY FALI] ‘wiyS 26852V JIDNPSURA] IANSSIU 3)10 SIS 561E2Y
A A Gujydypmg ¢ Loods 18882¥ 490npsura)
BINSSAIG S310 ASSY VOIS § AIAS ‘aqny v6teey
JA|R) JIMO4 WApURL INSOLY ‘wiyS . 988E2Y ’ .
JMpSURA] 2.nSSIAG 3310 A¢qn) £61E2Y
M{PA JIN04 WIPUTL PIPRILYL ‘Jduy0IY §88c2Y
JOONPSURL) JUNSSIAG 4510 'pIBURL ‘AL [{1t%4 ]
SARA J3MO4 WADUR] Ianso() o8y .
JIINPSURS) DUNSSIAY 3510 AN t61£2v
SALRA J3m0g WRPURL POY A}4q €89€2V y
JA0049 (PUSIIU] *|va§ osie2y
BA{RA Jamog wapur] |00dS L4224
X SAOCJY (PUJIIX] ‘P3G - 681lE2y
BALUA J3n0g wapurj Gujysng 1e8E2v
ANSSIAG |RIUNL551G ASSY JINpsuRa) ey
ALeA BupyoIpag bujysng £98€2Y i
. de) pu3 £90€2¢
95101 (3POW ASSY LNpoy BA(¥A I} Lneaphy ocetzy
. edavey 65022-v(0
JOIENIIY 0} J3Y4W}) 93404 uUojup L6L€2Y
BA00ST |MIAIXT ‘U034 MO CLR3g [{74¢4]
Apog 1eze2y
JA00Lg [PUSIIU] ‘103§ g8L12y
Alquassy 3adeag LrLezy
K1Quassy aping mo|j puw 3.njvuay 65Lt2v
Aiquassy aaleA pjouaiog a9ccey
%904 34nssdag djweukg Assy 3515440 3 Apog 29912v
3A0049 [RU4IN] LIS 99eeey
. aeidaany 0S92y
de) pu3 y9E€2Y ’
GE92-0C |IPON “UOJIR{{FISU] IA[TAOAIIS 29512v
Voj3IRI0Y-jIuy *Jaysen 296€2Y
8C92-0C (9PON - AsSY A1 #AOAIIS [$11%4)
{o111491190) 2340 pauo) ‘Gujudg [ 14¢4 ) - ’
. 13n0g "vid 9212¢
JIMNPSURAL JNSSIAG S5 10 PIPRILYL *Jupeidy 09teeyY . (Assy
J03WI)Pu] BJNSSBIY 341G Sujdwei) ‘aburiy sceeY 49))) 10wy 3} [Meaphy) A{quassy |#}403d)d 111{t4]
a4 LSEEY J0ymy Bujddiys ‘dauyniue) e2z1v
LT 7O TN NIAV ELTLTY FTEON INIAVUD
(0, 100) :SONINVEG S00W SNINOTIOJ 3HL 4SIND3Y [ (°Q,1N0D) :SHNIMVHO 900M SNIMOTIO4 ML 1SINDIY
Ll 40 9 Jomys DVIO03348/4 300/ .
AR il 40 g 300yg Taniad33as o
Al WLl



3I0WaYdS Iy | neaphy
BARAQPIAAS/AIpPnY I\ NPOY] A RN 3] [NRAPAR

AALRA J3m04 BujISE) ‘4d3n0)

BI2-LC L9poW ASSY 2aLwp Jamoy

SALYA 2304 x3{dya) Assy bujysng puw Apog
Assy 3a33(5 pue {oods *bujysng

10A7 J9Inpsuesy

43107 Ny

IALUA 204 X2 |djag A|quassy miy dAJIg
100ds 43m04 *poy A}

paLLny Assy (oodg § Bujysng

Pa33}4 Assy |oods ¥ Bujysng

8AL1A Bujydyjng ‘A|Quassy piojjuey
PaLINN Assy Loods 3 bujysng

P34 ‘Aiquassy (oods 3 Bujysng
FAL¥) J3m0gd (O0dS

IA[eA AIn0g Bupysng

8L1-91 13p0W A1Qeassy aa(eaoAldg

SA|RA J3m0g Xx21d}a) duw|) POy IA}AQ

ETIR T
4304 X3[d}) WY IALIG-PILIIPON ‘MILIS

WA 404 X3(da) duw) Wiy A4S0
oALwA sanoy xa1d}aL Alauassy Kpog
JINPSUBIL BINSSIAG 344G C4000dg
U

28192y
oztyzy
osirzy
erivy
ey
vy
€202y
801¥2Y
20002v
08002V
620%2Y
cony’

oLovzy A~

690y2¥
890¥2Y
190v2¥
So0r2v
s902Y

90¥92¢
€902y
£€2092¢ .4
6L0v2y
WIS SNIAVSD

{°0,100) :SIWINVEC 9004 t:sie ML 153nd3y

(L 40 8 J00ys

_ T3S/ 30008

Al WLl

JIONPSuURL] NsSIAG $310 PIbuely *Indds
JIINPSURLE JUNSSIAG J31Q AII(S
JIINPSURAL 4NSSILG 310 UOIS}Y

JIINPSURAY BUNSSIAd J))Q *IgNY

433npsuia)
BaNSSadd 3310 ASSY UOISH4 § dAIILS *aqny

43INpsursl NSSAAY J31Q ‘Is0ddng agny
49INPSUNA] JNSSIAG )10 AsSy Buysnoy

WNSSIIg |B)IUIL510 *A|qQuassSy Jadnpsuea)

SALRA BUlYIIing PIPEIIYL *aduyeIdy

aatep bupydayng dey puy

sajep buyydIymg Sujads *Ieag
L3119 *voyssaaduwo) *bujadg
AL8p bujyoryng bujads *yvag
T BupydItmg J0A}4 *Buyysng
BALWA BupyOI M 10AT *Bujsnoy

- 43INpsund] ‘wiys
AL9A Bujyay ug Bujdue]) *3Adats

Lep Bupydgyng
A1Quassy 3A2a1S pue |oods ‘bujysng

SALYA Bujydiieg *aAd3lS

“HU'S - VOLZ-CE 13O “KiQuassy aater Janog
NIPGPIDJ BuNS38U4 djweukg ‘uols)y ‘dolg

T Aiquessy 440

E} N7

1l 40 ¢ 300y

8lov2y
Liovy
Loy
sLony

iovzy
£1ov2v
z1ov2v
Lory
6¥6E2Y
v6e2y
2682y
1r6c2y
ovee2y
6E6£2V
se6ezy
cesczy
cecay

§26€2v
[241%4)
616c2v
losczv
006£2v
YIGNN ONLIVYG

(*0.1902) :SOMIAVWO S00W SWIAOTI0S BUL 1530038

TMN00T345/% 300

Al WL

200



r..\‘umm .t-“ﬂﬂﬁ: Mrﬂ?WQ

A L .\014—..& va?ﬂ\:‘Q
J”_s:vr—_ nz:—..m QEI0L-ELO +¢1.)‘.§oln ariaC-£tL9
_ 3234dajog 6£264-2L0 3ydajog dog 659Lv-2L0
dnyoeg Buyxdeg ‘sauyeiay €816£-280 110) ‘Jadweq ° ] 12¢9%-201
Piny poy 6898¢-12t *3snfpy Guyadg ‘wyyg 6149¥-201
, . ) (3L11A91199) 510 pauo) *Gujudg 9898 -0L1 Unnuy *3q044 68999-2(0
W wnujuniy ‘3doys ‘ujg *Bnig 6£98L-€60 . 493133 ‘daujeidy 2099%-110
"iys 10£92-201 T pioualos *Livg 1999¥-0L0 '
dnyoeg bupyded *Jaupeidy SivyZ-290 ] : an3 vy 2599r-240
PALLI4G ‘PWH vu.auo—m YRy ‘Mg 20504060 FALWA PIOUILOS ‘WD |}0) 9%99%-090
IALTA PIOUIL0S *JAASTY . 09%0L-180 ¢ . LLIL v—oeo—o.m *339yditogd S¥99r-2L0
IJANRApAY *6UpIN g BEYOL-EL0 sa{E) pJoud{os ‘aabunig ‘apyng 2999¥-990
| : a3}14 ‘aupny 69269-120 . ALUA PIOVRLOS *IyouIs ‘addeds 0¥999-201
W ALQuassy 33}5140 danssaugd 5959-020 . ' AT "lOS <
‘wamay sabunig *vojssIidwo) ‘bujuds 6£99y-011L
ALTA PIOUILOS “UNSSILd D)4 440 29259-1L0
- wedasumog ‘44 1£99%-120
BALRA PJOUR[0S ‘uamdy *334)140 19259120 .
. wanj 3 6ujs dnyoeg Sujy 0025¥-280
4038033y °S¥) J0A}d 9NIre-iil B
SALRA-I0ALY sL6ee-1tl
6oy 35344 ) ‘wiyg SPiv9-201
Bujads *%207 ‘sysey 69/92-260
1102 (®I319H "$34) *J43%V] 0€209-¥60 o .
- . 18 20, ‘39%5EY €€192-080
dojs - Jvag Bujadg SE965-L11 & q
W) dw) sZl92-£L0
g Bujads - €E965-11L odd 6
404dnS "W A'H Dujysng 16202y
6J3H A0 uobexpn *6ulx201-53135 *Ink $0505-160 X
*WATH *Assy j40ddng 062y2¢
Gmg 1043607 WO}INILH}20S I51Q 433144 21205-140
“R°A'H *3d0ddng vy
Assy a4njeuy ' ¥386%-2L0 A
| SALRA J2N0d PIULYITY *4IA0) . [11¢4 74 4
| ’ NOW0) 3(Bu}s R
” spunodao) Sujuimdy pue bujx0Y ‘Bujeas 98Y6Y-560 £9V-05 19pOW A1quassy Bnpoy 3a(Ep Bujydijag 061¥2yY
- y _ wm " UIMAN ONIAVYD 17V S VIGNN INIAVE0
. - —4v .
1L 40 o1 3w (°0,AN00) :SSNIAVSO S00M SNINOTIY IL ISINON . : (0.4N00) :SUNIAVNG 900W SMINOTIOd ML 1S3003Y
DRI/ e s TVN03345/4 300
Al Wil
*

201



-

eIy '
RUOOE R/SPEEDBRAKE ) . Sheet 11 of 1
REQUEST THE FOLLOWING MOOG DRAWINGS: (CONT*D.)
" DRANING NUMBER TILE
052-79267 Stop, Spool
093-79268 Pin End Cap
091-79287 lgtlingr. Plug, Threaded
094-79922 Bearing, Pivot Spring Seat
130-98561 Piston DIff Pressure Transducer
110-98562 Spring Compression, Helical
N1-98564 Seat, Spring Diff Pressure Transducer
111-98565 Seat, Spring DIff Pressure Transducer
043-98569 End Cap DIff Pressure Transducer
091-98570 Retatner, Threaded Diff Pressure Transducer
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APPENDIX D

CHECKLISTS

211



Check Lists
for
Space Shuttle Hydraulics

Part 1
Definition

1. Purpose - To aid in the review of the space shuttle hydraulic system and
identify problems of design, manufacturing control or inadequate testing
that could result in a Category 1 failure.

2. Circumstances leading to a failure:
Failures are presumed to result from: .
a. Poor design practices or failure to anticipate and properly account for
real operating conditions.
b. Inadequate manufacturing controls or fabrication errors.
c. Qualification and acceptance tests which do not identify design weaknesses
or improperly made parts.

Failures resulting from these causes may develop in a short or long time.
To be considered Category 1 they must result in a catastrophic situation by
themselves or in combination with a prior undetected failure. A generic
failure will be considered a single point failure where.a design deficiency
is typical in all three redundant systems.
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Part Il P
Failure Modes of Components

?

1. Major loss of system fluid .

0

(o]
0

Rupture of fluid containers
Pressure surges
Intergranular corrosion
Plugged drains
Failure of a seal
Failure of tubing or fitting connections

2. Component ceases to operate

0

0 06 0O 0O 0 © 0o o

Jammed by foreign material

Loss of seal alters forces

Spring failure alters forces
Thermal shock causes binding
Failure of attachments (bolts/nuts)
Plugged filters or orifices
Structural failure of components
Short L/D of pistons causes lockup
Electrical interface failure

3. Component operates erratically*

)

o O O ©o ©

High internal friction resulting from dirt or binding
Failure of a seal

Deformation of a sealing or metering metal surface
Plugged passages

Excessive wear of metal parts

Galling

€ Actuators, fluid containers, valves, lines and pumps/motors
* Slow or out-of-tolerance response.
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1.

2.

3.

Reminder Check List

Packings

Backups _
Entrance Chamfer & finish
Leaka@e - major

Leakage - minor
Permanent set

Redundancy

Environment

High Temperature

Thermal conditioning -
Low Temperature

Thermal shock

Vibration

Humidi ty

Salt Water/Atmosphere
Breathing due to altitude
Effect of condensation
Space vacuum effects

Freedom of motion

Tight fit

Loose fit

Load deflection
Thermal expansion
Friction
Contamination
Galling

4, Fluid

Pressure surges
Viscosity
Contamination
Compatibility
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Qualification Testing
Operating conditions
Total cycles and time
Environments
Proper instrumentation
Transducers & recorders

Acceptance Testing
Operating conditions
Total cycles and time
Environments

Materials
Suitability
Hardness
Strength
Galvanic corrosion

Conventional Design

Fluid Lines
Supports
Fittings
Materials
Serviceability
Compliance with struct. defl.

Redundancy
Backup systems
Separation of systems
Different source of power,
e.g. electric, ordnance,
pneumatic gravity

o




11. Service History
Airlines
Aircraft/spacecraft manufacturers
Mili tary
NASA/space systems

Manufacturers - component testing laboratories
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10.

1.

Sheet 4 of 6

Design Check List
?
Consider loads, energy, operating time, sensitivity. Establish satisfactory
operation under Extreme Conditions: temperature, humidity, corrosion,
vibration, voltage, wind, dirt, ice.

Provide optimum Safety under misuse or failure,

Minimize Stress Concentrations.

Consider the effects of Deflections and Friction. g

Components which receive Limit Loads Each Time they are uSed, i.e. arresting
gear, catapult gear, and parts of the landing gear, must be investigated
critically for Stress Concentration and Stress Levels and must demonstrate
reasonable service life by Fatigue Testing.

Prevent Incorrect Connections through design configuration. Ensure that
designs are “Murphy Proof" by controlling configuration to prevent inadvertent
assembly that causes damage or malfunction,

Any essential service (landing gear, arresting hook, flaps, etc.) shall have
an Alternate Method of Actuation.

Provide adequate sealing to prevent the entrance of Foreign Materials.

Stops - Parts designed as stops or absorbers of store energy must not deflect
sufficiently to cause malfunction.

Distortion of parts due to pressure, thread loads, manufacturing holding loads,
gasket loads, interference fits, etc., must be considered.

Crossed Lines and Controls - Every effort shall be made to assure that it will

be physically impossible to incorrectly install cables, levers, cranks,
hydraulic lines, or any other parts that can cause malfunction.
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13.

14,

15.

16.

17.

18,
19,

20,

21,

Sheet 5 of_6

Air Bleeding - Provision must be made for bleeding brakes and other systems
where displaced volume is less than line volume and where the presence of
air could cause malfunction.

Gasket Static Seal Installation should be designed in accordance with accepted

practices.

Face 'Seal 0-Rings should be backed with backup ring or equivalent.

Face Seal Deflection - Cover plate deflections under maximum operating pressure

in combination with out-of-flatness of the mating faces must not expose the
face seal to extrusion gapping in excess of 0.004 inch, for an O-ring with
backup. For unbacked static seat O-rings, extrusion gapping must not exceed
0.0005 inch. -

0-Ring Packing Installations should be designed in accordance with military

standards. Where loss of O-ring will allow external leakage, provide barrier
seal.

Corrosion Protection at Packings - A1l parts which slide across packings should

be smooth, chrome-plated, hard-anodized, or be of corrosion-resistant material.
Packing grooves and static seal glands should be similarly protected or plated
anodi zed. '

Corrosion Resistance - Materials, surface coatings, and material combinations

must provide suitable corrosion resistance, both inside and outside.

Aluminum Alloy Mating Parts should not be used in bearings or in frequently

used threads. (Example: Reservoir filler plug.)

Case Hardening - Latches, cams, triggers, and similar parts subject to possible

wear with high bearing pressure should be hardened to Rockwell 30-N 76 minimum
or equivalent.

Avoid Pipe Threads.
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22.

23.

24,

25.

Sheet 6 of 6

Retainer or Snap Rings shall not be used where ring failure could allow blow-

apart of the unjt, or where end-play could allow failure of seals or other
parts.

Standard Designs .

a. Torque Notations of Jo1nts - Nrench torque for preload shou]d be spec1f1ed
on the following joints:
1. Face seal joints
2. Any special joint requiring preload

b. Orifices - Must be larger than maximum filtration. Unfiltered orifices
must be larger than .090.

c. Flexible Hose Specifications - Per MIL-H-5440,

d. Line Clamps Spacing - Line-clamp maximum spacing is spec1f1ed in MIL-H-5440.
Mount fittings and valves close to supports.

Crossed Lines and Controls - Every effort shall be made to assure that it will

be physically impossible to incorrectly install cables, levers, bellcranks,
hydraulic lines or any other parts that can cause malfunction,

Test Notes - Each production unit of a hydraulic assembly must be tested. Test

notes shall be specified on the assembly drawing or test requirements document.

Do not locate hydraulic fitting bosSes on forging plane.

Select forging materials not susceptible to stress corrosion.

Expansion type plugs (Lee plugs) should have backup retention where fluid loss
results in critical safety condition.
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3.

4.

Part III
. System Influence on Component Failure

How can systems be designed to tolerate component failures?
Does the system create operating conditions which cause component failures?
Minimize connections.

Pressure surges from rapid valve operation and actuating cylinders bottoming.

Service and Maintenance
Consolidate modules to provide fewest disconnections in vehicle.
Provide drip pans to collect fluid during servicing operations. (Seal skins,

stringers and bulkheads to direct drippings and condensate to selected loca-
tion.)

" Provide protective shields, bogis and lubricators to prevent contamination of

sliding and rotating equipment.

219




’ . ADDENDUM

HYDRAULIC SYSTEM ASSESSMENT
WATER SPRAY BOILER

WATER SPRAY BOILER ASSESSMENT

SCOPE

A group of 37'drawings and specifications was supplied to Douglas Aireraft Com-
pany in late June 1978. This was too late for them to be included in the final report in
Washington, D.C. or in the main body of this report.

The assessment of the water spray boiler is confined to the components directly
associated with the hydrauli¢c power system and to its effect, as a whole, on the
power system. The main areas of concern are the spray boiler heat exchanger and
the hydraulic bypass and relief valve.

FAILURE EFFECTS

Each hydraulic power system has its own water spray boiler, and there is no func-
tional connection between them. For this reason, the single failure points that exist
affect only one hydraulic power system and cannot cause a Criticality Category 1
condition. The three water spray boilers are installed near each other just aft of
bulkhead 1307. A single catastrophic event such as an explosion could therefore
damage more than one of them. This would result in a Criticality Category 1 condi-
tion.

HEAT EXCHANGER, WATER SPRAY BOILER

The entire heat exchanger construction is of good quality materials assembled by -
conventional methods. The design appears to be good and suitable for the purpose.
Development, qualification, and acceptance testing requirements seem adequate.
The probability of major or minor hydraulic leakage seems low because of the type
of construction used. The 1/8-inch-diameter hydraulic tubes are necked down to
about three-fourths of their normal diameter (approximately 0.075 inch) at about 2-
inch intervals. Because of the large number of tubes, the blockage of a significant
number of them by contaminants does not seem likely to occur. These small tubes
appear to be adequately supported, and vibration should not cause problems. The
heat exchanger is unlikely to cause hydraulic system problems.
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HYDRAULIC BYPASS AND RELIEF VALVE

The bypass and relief valve is made of materials which are suitable for the purpose.
The seal SV766536-1 is made of filled Teflon and is not a conventional hydraulic
design. It may nevertheless be satisfactory for this valve. The Hamilton Standard
Specification SVHS 7312 specifies allowable leakages in terms of sce/sec of helium
and “X” pph. These would be better if specified in terms of cubic centimeters or
drops in a specific time period, which is conventional hydraulic practice. The design
appears to be good for this application. :
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